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FOREWORD 

This document comprises P a r t  11 of t h e  f i n a l  r e p o r t  on 
Contract No. NASw-699, Cosmic Ray Col l i s ions  i n  Space. The com- 
p l e t e  r e p o r t  descr ibes  i n  d e t a i l  the research  c a r r i e d  out  on 
t h i s  con t r ac t  by t h e  Geo-Astrophysics Sect ion of t h e  Research 
Department of Grumman A i r c r a f t  Engineering Corporation between 
J u l y  3, 1963 and November 3, 1964. This work w a s  performed un- 
der  t h e  t echn ica l  cognizance of Drs. L. J. Cahi l l ,  J. W. Freeman, 
and A .  W. Schardt of t h e  Off ice  of Space Sciences, NASA. 

The f i n a l  r e p o r t  i s  presented in four  separately-bound 
p a r t s :  

P a r t  I - The Energy Spectra of Elec t rons  from 
Pion-Muon-Electron Decays i n  I n t e r -  
s te l lar  Space; 

P a r t  11'- High Energy Gamma Rays from Cosmic Ray 
Co l l i s ions  in  Space; 

P a r t  111 - Low Energy Protons from Cosmic Ray 
Co l l i s ions  in Space;  

P a r t  IV - Cosmic Ray Hazards i n  t h e  Solar  System. 
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SUMMARY 

.I 
A major source of very high energy  cosmic gamma rays  i s  the  

_-  

c o l l i s i o n  of high energy cosmic r ay  protons wi th  i n t e r g a l a c t i c  

gas.  High energy gamma rays  are produced d i r e c t l y  through t h e  

decay of n e u t r a l  pions which are present as secondaries i n  t h e  

/ 

c o l l i s i o n .  The Landau-Milekhin r e l a t i v i s t i c  hydrodynamic model, 

which v i s u a l i z e s  the  c o l l i d i n g  high energy protons a s  f l u i d s ,  

i s  used t o  obta in  t h e  pion d i s t r i b u t i o n s  i n  both energy and 

angle;  t hese  are i n  good agreement with a v a i l a b l e  da t a .  A 

source func t ion  f o r  gamma rays  of energy above 10 Bev i s  found 

by combining t h e  pion production and decay spec t r a  with t h e  

primary cosmic r a y  proton f l u x .  The r e s u l t i n g  gamma r a y  spectrum 

follows a d i f f e r e n t  power l a w  than spec t ra  based upon t h e  usua l  

assumption of a l i n e  spectrum f o r  t he  pions i n  t h e  cen te r  of 

mass system of t h e  c o l l i d i n g  protons,  The high energy gamma r a y  

i n t e n s i t y  i n  space i s  ca l cu la t ed  f o r  a s i m p l e  Euclidean expanding 

universe .  By comparison wi th  previous estimates f o r  t h e  proton 

photoproduction process,  it i s  found t h a t  proton-proton and proton- 

photon c o l l i s i o n s  a p p e a r  t o  cont r ibu te  about t h e  same order  of 

magnitude t o  t h e  i n t e r g a l a c t i c  gamma r a y  i n t e n s i t y  above - 10 15 ev. 
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1. INTEtODUCTIOU 

Cosmic gamma rays  wi th  energ ies  above 100 Mev a r e  expected 

t o  be prodwed by t h e  bremsstrahlung of  high energy e l e c t r o n s  

aga ins t  i n t e r g a l a c t i c  gas, and by the  ( inverse)  Compton scatter- 

ing of high energy e l e c t r o n s  with thermal photons i n  i n t e r s t e l l a r  

and i n t e r g a l a c t i c  space. In  addi t ion ,  t h e  c o l l i s i o n s  of high 

energy cosmic r a y  protons wi th  gas nuc le i  and photons w i l l  pro- 

duce gamma rays  (Ref. 1) 

While high energy e l e c t r o n s  d i s s i p a t e  energy more r a p i d l y  

than protons,  i t  has  been est imated t h a t  gamma r a y  production by 

e l e c t r o n s  i s  important i n  t h e  "low" energy range 100 MeV t o  

100 Bev. The physics of t hese  e l ec t ron  processes i s  w e l l  under- 

stood and t h e  accuracy of t h e  ca l cu la t ions  of t h e  gamma f l u x  i s  

l i m i t e d  only by t h e  a s t rophys ica l  data.  However, t h e  physics of 

high energy proton c o l l i s i o n s  i s  not  w e l l  known, and t h e  ca lcu la-  

t i o n s  t o  d a t e  of t h e  r e s u l t i n g  gamma ray  f l u x  a r e  based on very 

simple models. 

In  t h e  present  r epor t ,  a more exact t reatment  of t h e  produc- 

t i o n  of gamma rays  by proton-proton c o l l i s i o n s  i s  given than i n  

earlier simple c a l c u l a t i o n s .  The gamma rays r e s u l t  from t h e  

prompt decay of n e u t r a l  pions produced i n  t h e  c o l l i s i o n s .  

o the r  s i g n i f i c a n t  proton c o l l i s i o n  process which produces gamma 

r a y s  i s  photoproduction; t h i s  occurs when protons undergo c o l l i -  

s ions  wi th  thermal photons i n  space ( R e f .  2) :  

The 

1 



y + p' T o  + p 

The nonelectromagnetic process considered here, occurs 

when high energy protons collide with gas nuclei: 

p + p -+ p + p + ar' + b.ir- + CTTO 

To 3 2y 

The relative importance of E q s .  (I) and (11) depends, 

among other things, on the relative densities of photons and 

gas in interstellar and intergalactic space. In the present 

report, it is assumed that production of gamma rays above 

10 Bev occurs predominantly in intergalactic space. Recent 

downward revision of the estimates of the thermal photon den- 

sity in intergalactic space suggests that the p-p process, 

Eq. (II), dominates the photoproduction process at lower ener- 

gies. 
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2. COSMIC RAYS AND HIGH ENERGY PROTON-PROTON SCATTERING 

Experimentally it has been e s t ab l i shed  t h a t  t he  p r i m a r y  

cosmic r a d i a t i o n  i s  composed of nucleons with a small f r a c t i o n  

of heavier  n u c l e i  (Ref. 1). 

only the  nucleons a r e  important f o r  our  present  purposes, t h e  

alpha p a r t i c l e s  forming a few p e r  cent  and heavier  elements 

less than one p e r  cen t  of t he  p a r t i c l e  f lux .  

c leons a t  t h e  energ ies  under considerat ion,  one expects  t o  f i n d  

only protons o r  an t ipro tons ,  because the  mechanism by which 

p a r t i c l e s  are acce le ra t ed  t o  high energy i s  gene ra l ly  assumed 

t o  be i n t e r a c t i o n  with stellar, g a l a c t i c ,  o r  i n t e r g a l a c t i c  mag- 

n e t i c  f i e l d s  which would have only a weak e f f e c t  on neutrons o r  

an t ineu t rons  (not zero, however, due t o  t h e i r  nonzero quadrupole 

moments) . 
and t h e  high energy neutron f l u x  i s  undetected but  probably a l s o  

n e g l i g i b l e .  Hence, u l t r a h i g h  energy protons are t h e  main component 

of t h e  primary r a d i a t i o n ,  and i n  t h i s  i n v e s t i g a t i o n  o ther  particles 

w i l l  be neglected.  

A t  energies  above a few dozen Bev, 

A s  f o r  t h e  nu- 

Experimentally, the an t ipro ton  f l u x  i s  neg l ig ib l e ,  

Protons may produce e l e c t r o n s  and photons d i r e c t l y  by brems- 

s t r ah lung  and p a i r  production i n  the  g a l a c t i c  magnetic f i e l d s .  

However, c a l c u l a t i o n  shows t h a t  the r e s u l t i n g  f l u x  does no t  com- 

P e t e  w i th  t h e  much l a r g e r  f l u x  r e s u l t i n g  from the production of 

pions i n  t h e  c o l l i s i o n s  of t h e  cosmic protons i n  space, and t h e  

pions * subsequent decay via t h e  mechanisms: 

3 



+ A 

T T - +  p- + v 
c1 

CL 
1 e & +  ve + v 

0 
Tr + 2 y .  

The mesons a r e  produced by t h e  cosmic r ay  protons c o l l i d i n g  

with the  i n t e r s t e l l a r  medium which c o n s i s t s  p r i m a r i l y  of low 

energy protons and photons ( s t a r l i g h t )  (Ref. 2 ) .  In  t h e  present  

r e p o r t  w e  c a l c u l a t e  t h e  meson f l u x  produced by proton-proton co l -  

l i s i o n s  only.  The pions are produced copiously i n  t h e  c o l l i s i o n s  

of very ene rge t i c  nucleons as a r e s u l t  of t h e  s t rong  i n t e r a c t i o n .  

In  a d d i t i o n  t o  pion production i n  c o l l i s i o n s  of h igh  energy 

protons, about one-sixth of a l l  t h e  p a r t i c l e s  produced are 

K-mesons, with t h e  decay schemes: 

o r  

o r  

+ 0 
+ T r - - + T r  

0 + 
1 K + n  + n -  

0 
3 27- - 

K 2 +  0 T- + + IJ- + + v etc.  
IJ. 

There i s  a l s o  a very  small production of nucleons and hyperons. 

The production of t hese  par t ic les  may be  neglec ted  because they  

make only a small c o n t r i b u t i o n  t o  t h e  s t a b l e  end products.  

4 



4 . 
The experimental  s tudy of t h e  d i r e c t  i n t e r a c t i o n  of nucleons 

encounters s eve ra l  handicaps. F i r s t ,  a t  u l t r a h i g h  energ ies  t h e  

primary cosmic r a y  f l u x  i s  s u f f i c i e n t l y  small so  as t o  make events  

extremely rare, r equ i r ing  e i t h e r  l a rge  s i z e d  d e t e c t o r s  t o  be 

placed a t  high a l t i t u d e s  o r  more i n d i r e c t  study of extensive a i r  

showers (Ref. 3 ) .  Second, when an event i s  recorded, t h e  extreme 

1 ene rg ie s  involved make i d e n t i f i c a t i o n  of t h e  p r i m a r y  and secondary 

p a r t i c l e s ,  and assignments of energies,  nea r ly  impossible,  Hence 

t h e  i n t e r p r e t a t i o n  of one event can vary widely from one i n v e s t i -  

g a t i o n  t o  another .  A l s o ,  t he  s ta t is t ical  methods app l i ed  are 

~ 

u s u a l l y  sub jec t  t o  l a r g e  e r r o r  ( R e f s .  '4 and 5) and a r e  based on 

1 some dubious assumptions. F ina l ly ,  experiments u sua l ly  involve 
I 

~ 

t h e  c o l l i s i o n  of t h e  proton with some l a r g e r  nucleus and t h i s  

' may obscure some f e a t u r e s  of t h e  nucleon-nucleon e f f e c t s  (Ref. 1) 

, Hence, o n e r a r e l y  claims b e t t e r  than order of magnitude accuracy 

1 i n  s ta tements  a t  p resent ,  and t r ends  "observed" are o f t e n  more 

~ s u b j e c t i v e  than ob jec t ive .  

I The information a v a i l a b l e  i s  not very s a t i s f a c t o r y  from t h e  

t h e o r e t i c a l  s tandpoint  e i t h e r .  The conventional approaches t o  

1 p a r t i c l e  production via f i e l d  theory,  s t rong  coupling theory, 

d i spe r s ion  r e l a t i o n s ,  etc. ,  y i e l d  impossibly complicated expres- 

s ions  when more than two pions are involved and thus  a r e  u s e l e s s  

above a f e w  Bev. The nonl inear  andnon loca l  approaches of 

Heisenberg (Ref. 6) and Wataghin (Ref .  7) a r e  not  y e t  i n  a s ta te  

5 
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where ca lcu la t ions  can be checked with da t a  t o  any degree of con- 

fidence.  Hence, many h igh ly  s impl i f i ed  models have been proposed, 

none of which i s  very s a t i s f a c t o r y  i n  a physical  sense, and sev- 

e r a l  of which a r e  ha rd ly  d is t inguished  from each o t h e r  by t h e  

da t a .  Most of these  models a r e  of a s t a t i s t i c a l  o r  thermody- 

namic nature and a r e  summarized n i c e l y  i n  review a r t i c l e s  by 

Koba and Takagi (Ref. 8),  Feinberg (Ref. 9), and Kretzschmar 

(Ref. 1 0 ) .  The important f e a t u r e s  of t hese  models are ou t l ined  

b r i e f l y  below. 

i) Fermi Model (Ref. 11) : In  t h e  center-of-mass s y s t e m  

(CMS) two nucleons c o l l i d e  forming a h igh ly  exc i t ed  f l u i d  which 

i s  t r e a t e d  thermodynamically. The f l u i d  i s  charac te r ized  by a 

temperature which i s  determined by t h e  t o t a l  CMS energy. The 

f l u i d  then decays i s o t r o p i c a l l y  i n t o  p a r t i c l e s  with a p r o b a b i l i t y  

dependent only on t h e  s t a t i s t i c a l  weight of t h e i r  f i n a l  states.  

The t o t a l  number of p a r t i c l e s  can be made t o  agree wi th  exper i -  

ment, b u t  t he  theory p r e d i c t s  f a r  more K-mesons and nucleons 

than a re  a c t u a l l y  produced (and wi th  much h igher  energy).  How- 

ever, t h e  model i s  s t i l l  u s e f u l  a t  lower energ ies  (see Ref. 1 2 ) .  

ii) Heisenberg Model (Ref .13 :  The c o l l i d i n g  nucleons 

a r e  t r e a t e d  hydrodynamically using a shock wave model der ived 

from nonlinear f i e l d  theory (Ref. 6 ) .  This model p r e d i c t s  too  

high a meson m u l t i p l i c i t y  i n  i t s  p resen t  form. 

proport ional  t o  t h e  CMS energy (square r o o t  of t h e  l a b  energy) i s  

6 
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' 

found, whereas experiments i nd ica t e  tha t  t he  number appears t o  be 

the  square r o o t  of t h e  CMS energy (fourth root  of t h e  l a b  energy).  

i i i )  Landau Model (Ref. 14) : This a l s o  i s  a hydrodynamical 

model, similar i n  some respects t o  Heisenberg's model and i n  

o the r s  t o  F e r m i ' s .  When the  nucleons c o l l i d e  they form a h igh ly  

e x c i t e d  f l u i d  volume charac te r ized  by the  same temperature a s  i n  

t h e  Fe rmi  model. However, t h i s  volume now expands r a p i d l y  accord- 

ing t o  l a w s  of r e l a t i v i s t i c  hydrodynamics. It cools  during t h e  

expansion, f i n a l l y  decomposing i n t o  individual  pions a t  a rela- 

t i v e l y  l o w  temperature corresponding t o  about t h e  pion res t  

energy. This model p r e d i c t s  t h e  r i g h t  number of par t ic les ,  and 

a reasonable  energy spectrum. 

made t o  f i t  t h e  experimental Kaplon-Ritson curves (Ref. 4 )  of 

Rozental '  and Chernavskii (Ref. 15) by employing t h e  Milekhin 

(Ref. 16) form of t h e  theory.  There has been some f i e l d  theor -  

e t i c  j u s t i f i c a t i o n  of t h i s  model (Ref. 1 7 ) ;  i t  appears t o  f i t  t h e  

da t a  b e t t e r  than any of t h e  o thers ,  and it i s  i n  c losed form. 

Therefore, it seems t h e  most f r u i t f u l  t o  adopt f o r  f u r t h e r  

s tudy . 

The angular d i s t r i b u t i o n  can be 

'I iv) Two-center" models (Ref. 18) : The above models have 

t h e  gene ra l  f a u l t  t h a t  they p r e d i c t  too high an i n e l a s t i c i t y  i n  

t h e  CMS. These d e f e c t s  can be remedied i f  w e  suppose t h a t  i n  t h e  

CMS t h e  p ions  are produced from more than one r a d i a t i n g  cen te r  

( r e c e n t l y  events  have been found requi r ing  5 or  6 c e n t e r s  t o  f i t  

7 



t h e  angular d i s t r i b u t i o n ) .  Kraushaar and Marks (Ref. 18) pro- 

posed a two-center exc i t ed  nucleon model whereby each center  i s  

m e r e l y  an exc i t ed  state of t he  nucleon. This has  been improved 

i n  the " f i r e b a l l "  model (Ref. 18) i n  which each nucleon leaves 

behind a slowly moving, h ighly  exc i t ed  cloud which decays i n  

i t s  own r e s t  frame according t o  one of t h e  above models. Many 

va r i a t ions  a r e  possible . .  However, t h e  s i m p l e r  Landau model 

seems t o  be t h e  most reasonable choice he re .  

8 



3 .  XTHE LANDAU MODEL 

A s  remarked above, t h e  Landau model i s  t h e  most promising 

model a v a i l a b l e .  We begin a d e t a i l e d  a n a l y s i s  of i t s  p red ic t ions  

by e s t a b l i s h i n g  no ta t ion .  L e t  E be t h e  t o t a l  energy of the  

incoming proton, t h e  t a r g e t  proton i s  assumed a t  res t  i n  t h e  

l a b  o r  s t a r  frame of r e fe rence  and has a rest  energy MC 

We def ine  y = 7 

i s  t h e  pion t o t a l  energy. 

P 

2 (- 1 Bev). 

7r 
E 

where p = pion mass and E - -  
- 2  TT 

and Y, EP 

MC lJ.C 
CMS q u a n t i t i e s  a r e  d is t inguished  by t h e  

use of a "c" index, while  l a b  q u a n t i t i e s  a r e  not  labeled.  The 

y parameters are r e l a t e d  t o  t h e  v e l o c i t y  v = f3C by y = (1- f3 ) 

or  f3 = (1 - -) and s ince  f3 < 1, y > 1. The CMS frame moves 

with v e l o c i t y  W i n  t h e  lab,  i n  t h e  d i r e c t i o n  of t h e  inc iden t  

nucleon. W e  def ine  r = (1 - 2) , which w i l l  be the  r a t i o  7 
f o r  any p a r t i c l e  i n  t h e  l a b  which i s  a t  rest i n  t h e  CMS (yc = 1). 

By elementary kinematics I? = [ 
i s  roughly t h e  inc iden t  energy i n  Bev. Since t h e  t a r g e t  proton 

i s  a t  rest i n  t h e  lab ,  i n  t he  CMS it has energy 

i s  a l s o  t h e  energy of t h e  inc iden t  nucleon i n  t h e  CMS. 

-1 
2 2  

1 - 
l 2  

- - Y2 

- 1  

EP 
-_ 

w2 

C MC 

1 - 

Yp + 1 
] *  = 4. Note t h a t  y 

P 

2 EC = MC r, which 
P 

W e  always 

consider  yp ,> 50. 

According t o  many experiments, t h e  high energy c ross  sec t ion  

of a nucleon i s  approximately i t s  geometrical c ros s  sec t ion ,  w i th  

t h e  pion Compton wavelength f o r  a diameter: (5 = n(-) . We 
2 - 5  

2w 
9 



assume t h a t  a nucleon a t  rest  i s  a uniform f l u i d  sphere of t h i s  

c ross  sect ion.  Therefore, i n  a sys t em where t h e  nucleons a r e  

moving with v e l o c i t y  W, t h e i r  spheres con t r ac t  t o  d isks  of 

45 t ransverse  r ad ius  - 
2P.C 

c o l l i s i o n  i s  of order - and i f  a f r a c t i o n  q of t h e  t o t a l  

energy 2Ec i s  t r a n s f e r r e d  t o  t h e  mesons (q i s  t h e  i n e l a s t i c i t y ) ,  
P 

t h e  ac t ion  changes by 

A .  The t i m e  of and th ickness  = 
4 

A 
C 

Since 

6 s  - 7qti . 
For a c l a s s i c a l  theory t o  be v a l i d ,  

q Q 1 (q < 1 i n  gene ra l ) .  Thus t h e  Landau theory i s  l i m i t e d  

t o  highly i n e l a s t i c  c o l l i s i o n s .  

6 s  >>Ti so w e  must have 

- 

The Landau model (Ref. 14) cons iders  t h a t  a t  t h e  i n s t a n t  of 

contact  of t h e  c o l l i d i n g  nucleons 

t o  propagate i n t o  t h e  d i sks  w i t h  v e l o c i t y  Co/C given by rela- 

t i v i s t i c  Rankine-Hugoniot r e l a t i o n s  (Ref. 19) . C i s  the speed 

of l i g h t ,  and Co i s  t h e  sound v e l o c i t y  i n  t h e  medium given by 

2 thermodynamics ( f o r  temperatures T >> pX , w e  f i n d  

(t = 0) ,  two shock waves begin 

2 

L 
C = 0.557 C, whi le  a t  t h e  lowest temperatures under - -  

co - J-3 
10 



e 

considerat ion,  Co = 0.538 C ) .  The co l l id ing  matter continues t o  
1 

1 2  
- 

be compressed, en te r ing  t h e  region with v e l o c i t y  

f o r  50 Bev inc ident  cosmic r ays .  A t  t i m e  tl - 

shocks reach t h e  outer  edges of t h e  disks  and matter begins t o  

W = (1 - $) C = C ,  
r 

CA 
t h e  - 

2 2' co + c 

flow outward from the  compacted region of t he  c o l l i s i o n .  The 

region between the  outgoing matter f ron t  of t h e  shocks and t h e  

ingoing matter of t h e  nucleons i s  t h e  so-ca l led  reg ion  of t h e  

progress ive  wave s o l u t i o n  (Ref. 20), and although it accounts 
~ 

f o r  only one or  two pions, these  can ca r ry  off  up t o  h a l f  t h e  

a v a i l a b l e  energy. A t  t h e  t i m e  tl (Ref. 21) r a r e f a c t i o n  waves 

s t a r t  t o  t r a v e l  back from t h e  ou te r  edges with v e l o c i t y  
C o o  

n 2 

The en- C c A 
2' They m e e t  a t  t h e  cen te r  a t  t2 = - ( l+  -) - 

cO cO 2c c; + c 

t i re  system a t  t h i s  i n s t a n t  i s  described by t h e  progressive wave 

so lu t ion .  The temperature i s  s t i l l  given by T 2 2EC . The 

system now expands r ap id ly ,  pushing t h e  progress ive  wave regions 

outward wi th  v e l o c i t y  = C. 

s o l u t i o n  t o  t h e  hydrodynamic equations (Ref. 21). The expansion, 

which i s  l a r g e l y  one dimensional, continues u n t i l  t he  temperature 

approaches Tc = pC . Then t h e  complicated t h r e e  dimensional 

phase begins  (which can only be t r e a t e d  crudely,  bu t  governs 

only  t h e  minor t r ansve r se  phenomena). A t  Tc = pC2 t h e  whole 

P 

This i s  t h e  region of t he  "non t r iv i a l "  

- 2  



of pwticlcs could result .  B u t  the p r o b a b i l i t y  of production is  
9 

MCL given (at l e a s t  f o r  bosons) by  cxp( - r), so i f  M >> k, 
C 

t h e  p a r t i c l e  spec ies  does riot occur s i g n i f i c a n t l y .  Hence, w e  

g e t  mainly .ri-Is and a few Kts. The number of p a r t i c l e s  i s  

proport ional  t o  the  t o t a l  change i n  entropy a s  

To t o  Tc. The number of p a r t i c l e s  produced N7-, o r  pion 

m u l t i p l i c i t y ,  i s  found t o  be 

T drops from 

1 - 1 
EC 

2MC MC 

- 

E 4  
= k [-%I g 2  !SAL [ 2 ]  

N7J 

where k i s  given by experimental f i t  t o  be k = 2 ? 1. We 

choose k = 2 .  Agreement i s  good f o r  E from about 50 Bev 

t o  10 Bev. Above E = 10 Bev, da ta  are scanty but  t h e r e  

i s  some evidence t h a t  N should r ise  more slowly. F igure  1 

(Ref. 22) g ives  the  observed number of charged secondaries  pro- 

duced i n  proton c o l l i s i o n s .  

E4. The order  of magnitude is  i n  f a i r l y  c l o s e  agreement. The 

angular  d i s t r i b t i t i o n  and energy d i s t r i b u t i o n  are descr ibed i n  

P 
4 4 

P 

Note t h a t  t h e  m u l t i p l i c i t y  varies as 
1 -- 

P 

more d e t a i l  i n  Sect ion 4 .  

Figure 2 s h o w s  t h e  s t ages  of development of t h e  nucleons 

a f t e r  the co l l . i s ion  according t o  t h e  1,andau model. The f i g u r e  i s  

an adaptat ion of a f i g u r e  found i n  t h e  work of A m i ,  e t  al. 

(Ref. 21) .  

1 2  
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. 

4. PION ENERGY AND ANGULAR DISTRIBUTION ACCORDING 

TO THE LANDAU MODEL 

a. Center of Momentum Frame of t h e  Col l iding Protons 

An experimental  f a c t  (Ref. 3) of which w e  must make 
- 

f requent  use i s  t h a t  t h e  average t ransverse momentum P, of 

t h e  pions i s  r e l a t i v e l y  independent of E (note  t h a t  PL 
P’ 

i s  a Lorentz inva r i an t  PL = Py) and i s  measured t o  be 0.4 - 
Bev 0.7 - T h i s  i s  t h e  value of PL, regard less  of t h e  angle  

of emission of t he  pion, even though the  t o t a l  momentum may 

be 10 C. Bev 

c *  

I n  the  Landau model, when w e  completely ignore 

t h e  t h r e e  dimensional expansion s tage w e  g e t  t h e  most probable 

value of Pl, t o  be 1-2 pC, as a r e s u l t  of thermal motion. 

T h i s  i s  of t h e  r i g h t  order.  For t h e  overwhelming major i ty  of 

pions,  PL > pC. Figure 3 ,  taken from t h e  work of Milekhin 

(Ref . 16) ,  shows t h e  corresponding d i f f e r e n t i a l  t ransverse  

momentum spec t ra  f o r  var ious incident  protqn energies  (s inh 
dN 

versus P ~ ,  as 1 ). The d i s t r i b u t i o n  curve - - N dPL 
1/ 14 
P 

a E  
7- 

shown i n  Fig.  3, i s  peaked near  

with a long t a i l  toward higher  

PL/pC = 1 (depending on 

PA. 

I n  t h e  de r iva t ion  of t he  energy and angle  d i s t r i b u t i o n  

of t h e  pion i n  t h e  cen te r  of mass of t h e  c o l l i d i n g  protons w e  

fol low Milekhin (Ref. 16) i n  def ining t h e  parameters q and < 
by: 

15 
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. 
2 EC = IJ.C cosh q cosh c 

T r  

P1 = W C  sinh c . 
Then t h e  CMS angle  i s  given by 

t a n  e = tanh C csch q . 
C 

Milekhin shows t h a t  t h e  d i s t r i b u t i o n  func t ion  

TT 
dN 

- fl(d Nq-= 
1 

TT 

may be approximated t o  b e t t e r  than 10 pe r  c e n t  accuracy by 

a Gaussian: 

'I n 

t h e  normalizat ion being 

-co 

The "Landau parameter" L i s  chosen by Milekhin ( R e f .  16) t o  

be 

E 

MC 
L = 0.56 an L- t 1.6 

( 4 )  

(5) 

f o r  nucleon-nucleon c o l l i s i o n s ;  t h i s  i s  s l i g h t l y  h igher  than 

t h e  convent ional  value i n  order  t o  get a b e t t e r  f i t  t o  t h e  

angular  d i s t r i b u t i o n .  

17 



1 tanh C = 

y-=l 
s i n h  C 

Consequently, 

1 t a n  e 2 c s inh  q 

then 

nJ -1 q = csch tan 8 . 
C 

Via t h e  i d e n t i t y  

To de r ive  t h e  energy and angle  d i s t r i b u t i o n s  w e  would 

a l s o  need f,(q, C ) ,  t h e  d i s t r i b u t i o n  i n  C f o r  f ixed  q .  

Unfortunately, f 2 ( q ,  C )  i s  no t  i n  c losed form. Therefore, 

employing the  fact  t h a t  PL > pC f o r  t h e  vast major i ty  of 

p a r t i c l e s ,  w e  choose s inh > 1 i n  E q .  ( 3 ) ,  obta in ing  

(9) 

therefore ,  

18 



C 
e 

q = - an t an  - 2 .  

Also, 

2 ec 1 
s i n  Bc 

sec - = 1 
2 

C 
IS1 = e 

2 t a n  - 2 

so t h a t  t h e  CMS angular  d i s t r i b u t i o n  i s  given by 

C 
e 1 2 4- an t a n  - 

= -  s i n  e 1 ;  (10) 
1 dN T fl (q(ec)) 

f (ec)  = - - = 
s i n  eC Jm- C 

N de 
T C  

f (ec)  i s  normalized by 

I f (ec)dec = 

The form of t h i s  curve i s  shown i n  Fig. 4. 

The CMS energy can be expressed as a s i m p l e  func t ion  of 

t he  CMS angle  through t h e  use  of Eqs.  (2) and ( 3 ) .  

Eq. (2) as 

I f  w e  write 

~ 

2 ,/ 1 + sinh 2 1: , EC = p,C cosh q 
T 

which through Eq.  (3) becomes 

2 EC = C ,/ P: + (KC) cosh q , 
T 
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Fig. 4 Center of Mass Angular Dis tr ibut ion of Pions 
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. 
then through Eq. ( 9 ) ,  which g ives  

w r i t e  

s inh  q = c o t  eC, w e  may 

1 
s i n  8 cosh q =: 

C 

so  t h a t  

Because t h e  t r ansve r se  momenta of a l l  t h e  pions are of t h e  

same order  of magnitude, t h e  CMS energy may be approximated by 

t h e  expression 

' . L  -v  3 by introducing a cons tan t  K, which can be determined by 

experiment, Eq. (11) can be r e w r i t t e n  f o r  a l l  proton energ ies  

2 dne f i n d s  K a &C . (The d i s t o r t i o n  of t h e  bas i c  Landau- 

Milekhin theory i s  minimized by replacing t h e  r a d i c a l  i n  E q .  

(11) by a cons tan t .  Figure 3 represents  - 
neighborhood of pc 

- nerg ies .  

as peaked i n  t h e  IT 
dN 

dP, 
followed by a long t a i l  toward t h e  h igher  

dN 
Clea r ly  then, t h e  d i s t r i b u t i o n  7 'JT w i l l  even be 

d[PJ 

21  



more s t rongly peaked and consequently t h e  replacement of P, 2 
- 

2 
PL by i s  not a severe d i s t o r t i o n  of t h e  theory ' s  pred ic t ion . )  

The divergence i n  E' a t  e = 0, 7r causes no concern 

there,  i .e. ,  there  are no p a r t i c l e s  w i t h  

7r C 

because f(Oc) = 0 

dN 
C 1 dNTT 1 7r - -  - f(ET) = - - - 

7r dec N~ dEC 
7r 

0 = 0, T. Equation (12) al lows u s  t o  obta in  t h e  CMS energy 
C 

C 
de 

dEC 
- 

7r 

d i s t r i b u t i o n  d i r e c t l y  from t h e  pions '  CMS angular  d i s t r i b u t i o n  

C 
de 

dEC 
- 

7r 

By using E q .  ( 1 2 )  w e  may r e a d i l y  so lve  t h e  Jacobian of t h e  

transformation 

-1 K - 8 = s i n  
EC C 

7r 

Therefore, 

K/E' 
C TT 

de 
- = -  

a 9 

dE" 7r /- 
but s ince w e  may w r i t e  

22 



. 

K - - L 

9 tan - = 2 
2 3 

1 + COS e 
" C 

we find 

f(E:) = 1 1 
I 1 c) 

L 

2.rrL ,/(E:) - K 2 

2 >< exp J - 1 an 1 2L 

For EC >> K, Eq. (13) may be simplified to 
?r 

(Equation (14) may be alternatively derived by considering 

EC K cosh 7 ; 
7.r 

for EC >> K we have q >> 1, cosh q 2 Te 1 I I  , and 
-Tr 

We rederive Eq. (14) by use of Eq. ( 6 ) . )  

23 



. 
* 

Experimentally Eq. (14 )  seems to be good from EC n- = K 
3 for proton energies E > 10 Bev. At pion K flL e to E: = 7 P Q  - - 

, the experimental spectrum appears K J-2'L 
2 energies above - e 

to fall drastically. 

account for this experimental fact: setting K =: 2pC , we 
use a distribution of the form given in Eq. (14 )  for EC Tr be- 

tween pC2 and p C  e a 9 and set f(Ez) = 0 outside this 

region. 

to satisfy Eq. (7). Thus, using the "error" integral 

We can revise these distributions to 
2 

This requires a renormalization of the distribution 

nx 
2 
dt -t o(x) = - e 

f i  
J o  

which is tabulated in Jahnke, Emde, and Lb'sch (Ref. 24) we 

find 

E' EC 
zero otherwise (see Fig. 5). Tr max for 1 < 2 < -  

wc pc2 ' 

Here 

@(1) = 0.84270 

24 



. 

Fig.  5 Center  of Mass Energy Di s t r ibu t ion  of Pions 

2 5  



l and 

f(Ec) is normalized so that 
,lr 

EC 

An even more important reason for truncating the distribution 

is found by analyzing the mean energy E' as a function of L 

(i-e., E ). If one uses Eq. (14) without a cut off to 

- 
7f 

Pa- - 
evaluate E ~ :  

7- 

26 



. 
b 

I 
I which cance ls  t h e  increas ing  e' i n  Eq. (17).  I n  fact ,  us ing  

o r  

L - - [ f i l ~  1 so EC grows as e 2 ; t h i s  i s  
Tr 

But f o r  l a r g e  L, 0 

r id i cu lous  because a glance a t  Eq. (14) shows t h a t  most 

p a r t i c l e s  w i l l  have EC < bC2 e-, 

E' < W C  e . On t h e  o ther  hand, w i t h  t h e  cut o f f ,  Eq. 

(16) g ives  

so w e  should have 
Tr 

2 J2L - 
Tr 

which d i f f e r s  e s s e n t i a l l y  from t h e  preceding r e s u l t  because of 

t h e  second term. For ,/$ l a rge ,  

t h e  crude asymptotic formula 

L 
-2 

~ 2 e a(2) = 1 - - - 
22 6 
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one f inds 

EC -1 e 

which decreases as L increases  and 

The c u t  off i n  energy implies  a 

1 I 

i s  always less than 1. 

cu t  off  i n  the  angular  

d i s t r i b u t i o n  near 8 = 0, TI-. A renormalizat ion i n  t h e  calcu-  

l a t i o n  s imilar  t o  t h a t  involved i n  E q .  (16) g ives  as t h e  angular  

d i s t r i b u t i o n :  

C 

C 
e 2 

s i n  ec 
1 e q , J - L  2L Rn t a n  - 2 

f (ec)  = 

C Equation (19a) goes t o  zero when t h e  condi t ion  

i s  violated.  

8zin < 'c < 'max 

We may a l s o  c a l c u l a t e  t he  i n t e g r a l  d i s t r i b u t i o n s  G(Ez) = 

f r a c t i o n  of p a r t i c l e s  with CMS energy < E:. Consider 

28 



EC 
7r P 

C l o  G(ET) = - N 1) 

then: 
EC 

77- an - 1 

-Vf= PC2 

= o  i f  2 
EC < LLC 

TT 

2 J 2 L  = 1 i f  E' > PC e . 
TT 

In  Table I w e  have tabula ted  

t o  inc iden t  proton energ ies  of l o 2  and 10 Bev re spec t ive ly ;  

Column 3 i s  introduced t o  permit t h e  use  of t h e  t a b l e  f o r  ca lcu-  

l a t i o n s  of a r b i t r a r y  inc iden t  proton energ ies  

G(Ec). Columns 1 and 2 correspond 
7r 

8 

TABLE 1 

ENERGY DISTRIBUTION: G ( E ~ )  

(E = loL Bev) 
P 

1.24 
1.54 
1.73 
3.00 

6.05 
7.39 

11.02 
13.46 

C 2 

8 (E =10 Bev) 
ET/PTC 

P 
1.44 
2.08 
2.53 
6.69 

22 20 
29.96 
54 . 60 
81.45 

TT 
E 

an - n 
1 - 
z/?L PTCL 

.075 . 15 
19 

0395 

. 638 . 695 
-828 
e910 

G q )  

. 10 . 20 

.25 . 50 

.75 
-80 . 90 
-95 
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Simi lar ly  w e  can g e t  t h e  i n t e g r a l  angular  d i s t r i b u t i o n  
f3 

C 
f ( e  ) de G ( 8  C ) = f r a c t i o n  of p a r t i c l e s  with 8 < Oc = 

C 

J 
ec min 

and by E q .  (19) 

1 G ( e c )  = - 

C 
= 0 i f  e < emin 

C 
= 1 i f  8 > emax . 

Note t h a t  O(-x) = -@(x). This  func t ion  i s  t abu la t ed  i n  

Table 2. 

TABLE 2 

ANGULAR DISTRIBUTION: G(Bc) 

C 
e 

2 E =10 Bev 
P 

3 9" 
90" 

114" 
152" 
164" 
169" 

C 
e 

8 E =10 Bev 
P 

17" 
90" 

129" 
167" 
177" 
178" 

C 
e 

Rn t a n  - 1 
2 

f i L  

- 0.39 

. 15  
-485 
-695 
.830 

0.25 . 50 . 60 
.80 . 90 
-95 
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, 

b. Lab Frame of Incident Cosmic Ray Proton 

The treatment up to this point has been i.n the CMS. We 

now consider the lab frame. The basic formula for the angular 

transformation is 

C 
sin 8 1 tan 0 = - W 
c v  cos e + - 

C 

where v is the particle velocity in CMS, W is the velocity 

of CMS in the laboratory and 0 the laboratory angle of the 

emitted pion relative to the incident proton direction. For 

C 

most particles v C and also W - C, so we can write 
C 

C 
= - tan - e 1 

r 2 -  

sin 8 1 tan 8 - - - r COS ec + 1 C 

The energy transformation into the laboratory frame depends on 

both EC and eC. It is useful if we use the approximation 
7J 

v - C again; then we may write a Doppler-like formula 
C 

Equation (12) simplifies the transformation if W - C; then we 
may write 

31 



K -  - I'K 

C tan - 0 

2 

E = r(1 + COS ec) sin e 
C 7- 

or by Eq. (22) 

K 
En tan e 

We can also wr,te the relation between t,ie ladoratory and 

CMS energies 

where the plus sign is for particles moving forward in CMS, and 

the minus sign for particles moving backward in CMS (cos 0c < 0). 
If E: >> K these reduce to 

E "= 2rEC (forward in CMS) 
TT a 

E 2  (backward in CMS) 
2EC a 
a 

or in terms of the y parameter 

,-u C 
Y, = 

2 
(y = E I V C  ) 

(forward) 

(backward) . 



These r e l a t ions  may a l s o  be derived kinematically.  

The angular  d i s t r i b u t i o n  of pions i n  t h e  labora tory  can be 

ca l cu la t ed  from t h e  angular  transformation through t h e  formula 

Using E q .  (22) t h e  above Jacobian i s  found t o  be: 

-1 e = 2 t a n  (r t a n  e )  
C 

s o  t h a t  

C 2r de 

de 2 2 .  
- =  

2 r s i n  0 + cos 8 

W e  may now in t roduce  t h e  i d e n t i t y  

C cos  - 
e 

C 
e 

C 2 2 s i n  e = 2 s i n  - 

which, us ing  Eq.  

s i n  

c e 
2 t a n  7 

C 
e 

2 ,an C )  
L -  L 

e - - - e 
sec 2 c  2 t an2  + 1 

(22) aga in  becomes, 

2r tan 8 - r s in  28 
2 2 - 2  2 2 e =  

r s in  8 + cos 8 r t a n  e + 1 C 
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or 

C 
de 

2 de 
- sin 28 sin 0 = 

C 

Incorporating Eqs. (19a) and (29) into the distribi 

we find 

2 Rn (r tan 1 
2L 

- -  
e 1 2 f(e) = sin 28 

= o  

where 

o(1) .J 2TL 

for 

for 

.. 
-1 

= tan min e 

-1 
= tan max e 

e min < e ' Omax < 

e > 'max or 8 < 

(29) 

tion formula 

7r - 
2 

min e 

Equation (30) indicates an angular distribution in the lab 

frame which is peaked strongly n the forward direction. The 
1 peak w i l l  be to the left of tan , 

term in the distribution. For 50 Bev cosmic rays where 

14.8 degrees, the distribution peaks in the forward tan - = 

due to the sin 2e -1 1 

-1 1 
r 
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d i r e c t i o n  a t  8 < 0.6 degrees. See Fig. 6 . 
A u s e f u l  quant i ty ,  o f t en  re fer red  t o  i n  the  l i t e r a t u r e ,  

i s  t h e  angle  i n  t h e  laboratory corresponding t o  

which (Table 2 o r  by obvious symmetry about 8 = 90') contains  

ha l f  the  pions.  This angle  i s  o f t en  denoted el - and from 

8 = go', 
C 

C 

2 
I 

Eq. (22) 

-1 1 e l  = tan - . r - 
2 

Experimentally 8 - 

via 
2 

gives a measure of t h e  inc iden t  energy E 
P 

t h a t  i s ,  

2 2  2 2 E = M C ~ ~  = MC (2r - 1)  = MC (2  tan e l  - = 1) P P 2 

One must be c a r e f u l  about using E q .  (32) i n  t h e  l i t e r a t u r e ,  

because experimental  s i t u a t i o n s  usual ly  dea l  with nucleon- 

nucleus c o l l i s i o n s  (Refs. 4 and 25) where t h e  assumption of CMS 

symmetry about 8 = 90° i s  rather dubious. 
C 

The par t ic le  number i s  a Lorentz inva r i an t ,  therefore  we 

may f i n d  G ( 8 ) ,  t h e  i n t e g r a l  d i s t r i b u t i o n  funct ion i n  the  

labora tory  frame, merely by transforming angles  
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T h e  t ab le  of values ,  Table 2 ,  i s  then v a l i d  i n  t h e  labora tory  

frame i f  t h e  l a s t  two column headings are changed t o  >< 
f i L  

an (r t an  0 )  and G ( B )  r e spec t ive ly ,  and i f  t h e  cen te r  of 

m a s s  angle columns are ignored. 

Tables 3 and 4 g ive  t h e  r e s u l t s  of c a l c u l a t i o n s  us ing  t h e  

2 above formulas, w i t h  i nc iden t  energ ies  ranging from E - 10 

Bev t o  10 Bev, including c u t  o f f s ,  means, and 80 per  cen t  
P 

11 

values  of t h e  i n t e g r a l  spec t ra .  A l l  angles  are given i n  

rad ians  and i n  c i r c u l a r  measure. 

e 

Fig. 6 Laboratory Angular D i s t r i b u t i o n  of Pion 
Produced i n  a S ing le  C o l l i s i o n  
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The energy spectrum i n  t h e  laboratory frame may most 

e a s i l y  be obtained by r e tu rn ing  t o  the  Milekhin form (Ref. 16) 

of t h e  d i s t r i b u t i o n  func t ion  

This  technique w i l l  g ive  a form f o r  the energy d i s t r i b u t i o n  

which w i l l  be angle  independent. A di rec t  r e l a t i o n  between 

E and q i s  obtained by u t i l i z i n g  Eq. ( 4 )  and the  i d e n t i t y  
Tr 

2 2 tan A + 1 = sec A 

t o  g e t  

1 1 

so 

sinh q cos  e = (33)  

The choice  of s i g n s  i s  c o n s i s t e n t  with Eq. ( 4 )  f o r  t h e  phys ica l  

reg ion  
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We introduce E q .  ( 3 3 )  i n t o  E q .  ( 2 3 )  and using E q .  (2)  f i n d  

2 E = IJ.C r cosh 7 cosh < 
IT 

W s inh q 
1 + E 

/ s z i  + tanh 2 < 

Using the standard Landau-Milekhin approximation t h a t  

tanh < 1 

t h a t  i s  t h a t  

w e  f i n d  

2 E = pC r cosh q cosh C 
7J 

W 1 + tanh q . 

( 3 4 )  

Recal l ing t h a t  PCcosh < = K/C i n  t h i s  approximation [see E q s .  (11) 

through ( 1 2 ) ]  w e  f i n d  

W E = KT cosh q [ l  + c tanh q ]  . 
Tr 

A t  t h e  lower l i m i t  of 50 Bev, t h e  protons w i l l  have a c e n t e r  of 

mass ve loc i ty  W = 0.981 C ,  hence W =: C i s  an  e x c e l l e n t  

approximation and w e  may write 

E = W (cosh q + s inh  q )  
IT 

:. E = Weq 
IT 
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dE 
* L = E  . 

* '  dq 7-r 
and 

Notice this transformation formula is based only on the 

experimental observations of PI, the conventional approxima- 

tion of the Landau model, and the assumption that 

is of the order of C. 

W (W > 0.98 C) 

The energy distribution in the laboratory 

frame is obtained immediately from 

as 

1 

Equation (38) is normalized upon the assumption of an infinite 

upper limit for the pion energies. It would be better to 

normalize the laboratory frame distribution, as had been done 

for the center of mass distribution [see Eq. (16)] by using an 

upper pion energy cut off. The center of mass high energy cut 

off, as can be seen from Eq. ( 2 3 ) ,  becomes in the laboratory 

frame 

(39) 
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A lower energy cut off must be introduced due to the motion 

of the center of  mass frame in the laboratory frame. 

ing requires 

Renormaliz- 

EL 

r max 

We find 

where 

because 

f(E)dE = 1  . 
7r 7r I J 

EL min 

- 
1 < t = 1 + f i  - < 1.52 for E P -  > 50 Bev 

which implies 

0.8427 = O(1) < O(t) < O(1.52) = 0.9684 . 
Equation (41) gives the omnidirectional energy distribution 

function for pions produced in high energy proton-proton collisions; 

it is illustrated in Fig. 7. This function is based on the 
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Landau-Milekhin assumptions and the approximation that W = 1. 

This form of the pion distribution will be used extensively in 

the calculation of the gamma ray spectrum. I 
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5. THE GAMMA RAY PRODUCTION SPECTRUM 

AT A POINT I N  SPACE DUE TO COSMIC RAY COLLISIONS 

We now consider  t h e  spectrum of g a m  rays  produced when 

cosmic r ays  c o l l i d e  wi th  i n t e r g a l a c t i c  gas.  L e t  f (E ,ET)dEa 

be the  f r a c t i o n  of pions produced i n  t h e  range ET t o  E + dE 
r e s u l t i n g  from c o l l i s i o n s  of cosmic ray protons (energy 

with t h e  i n t e r s t e l l a r  hydrogen, and let f (E ,E )dE be t h e  

f r a c t i o n  of gamma rays  with energy n t h e  range E t o  E + d E  

produced from t h e  decay of a pion with energy 

f r a c t i o n  of gamma rays  i n  t h e  range dE produced by a c o l l i -  

s ion  of a cosmic r a y  proton of energy 

P a  P 

7-f 7T 

EP) 

W 7 T Y  Y 

Y Y Y 

ET. Then t h e  

Y 
E i s  given by 

P 

The i n t e g r a t i o n  extends over a l l  pion ene rg ie s  ( for  a given 

cosmic r a y  energy E ) which could c o n t r i b u t e  a gamma with 

energy E The number of gammas produced per  u n i t  volume and 

t i m e  by the c o l l i s i o n s  of cosmic rays i n  t h e  energy range E 

t o  E -I- dE with  t h e  i n t e r s t e l l a r  gas  w i l l  be given by 

P 

Y 

P 

P P 

N (E ,E )dE = +,(Ep)n(r)oL (E > m  (E dE 
Y Y P  P PP P ?J P Y P ( 4 3 )  
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where 

$(Ep) 

n ( 4  

= t h e  cosmic r a y  proton flux, 

= t h e  dens i ty  of t h e  i n t e r g a l a c t i c  gas, 
+ 

t 
0 
PP 

(E ) = t h e  t o t a l  c ros s  sec t ion  f o r  production 
of pions i n  proton-proton c o l l i s i o n s ,  

m,(Ep) = t h e  m u l t i p l i c i t y  of n e u t r a l  pions per 
proton-proton c o l l i s i o n ,  and 

m = t h e  m u l t i p l i c i t y  of gammas produced 
Y i n  T O  decay = 2. 

Combining t h e  number of gammas r e s u l t i n g  from cosmic r ays  of 

energy E with the  p r o b a b i l i t y  of producing gamma rays  wi th  

energy E y i e l d s  t h e  number of gamma rays  i n  t h e  range E 

t o  E + dE produced by cosmic r a y  protons i n  t h e  energy range 

P 

Y Y 

Y Y 
E t o E + d E :  

P P P 

N (E ,E )dE dE = N (E , E  )dE  f (E ,E )dEY P Y Y P  P Y  Y Y P P P W  P Y 

In t eg ra t ion  over t h e  spectrum of inc iden t  cosmic r a y  energ ies  

then gives t h e  t o t a l  number of gamma rays  produced per  u n i t  

t i m e  and volume i n  t h e  energy range E t o  E + dE re- 

s u l t i n g  from cosmic r a y  proton-proton c o l l i s i o n s  i n  space. 
Y Y Y 
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N , (E ,E )dE 
P Y P Y  P 

d E  *(E )a t  (E )m (E )m 
P3p P PP I' 7i- P Y 

dE Y 

r 

(45)  

The f i r s t  s t e p  i n  evaluati.ug E q .  (45) i s  t o  deterniirie t h e  

d i s t r i b u t i o n  func t ion  f o r  gannna r ays  prodric:ed when a n e u t r a l  

pion decays. Subsequently, w e  s h a l l  eva lua te  f (E ,E ) i n  

Sect ion 5b and q (E ) i n  Sect ion 5c. 

PW P Y 

Y Y  

a .  The Ganuna Ray - Spectriim ~ from a Decayinp .""s-_-_..- Pion 

F i r s t  corisi der  the ganuna r a y  spectr im fxom the  decaying pions 

A s s u i n i r l g  a n  i soti-opi.c d i s t r i b u t i o n  i n  t h e  rest frame of  the pion. 

of t h e  gamma r a y s ,  we  f i n d  t h e  ene rgy  t>f a garim ray  i n  t h e  rest  

frame of the p i o n  as 

I f  w e  w r i t e  t h e  p i o n ' s  energy i n  the lcib frame as 

47 



we can write the gamma rays' energy in the lab frame as 

KC2 
E = Y, --p + B, cos a )  Y 

E 
= T(1 + f3 cos a )  

T 

where a is the g a m  ray's production angle relative to the 

pion's line of flight. 

frame will then be as shown in Fig. 8 

The distribution of photons in the lab 

fraction 
of gamma 
rays produced 

Fig. 8 Laboratory Energy Distribution of Gamma 
Rays Produced in T O  Decay 

where the extent of the distribution is given by 

n: Emax - -(1 + B,) 
E 

Y - 2  

Emin - EiJ - - B,) Y 
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which min The width of the spectrum w i l l  therefore  be Emax - E 
Y Y 

w e  w r i t e  as 

where p, i s  t h e  magnitude of t h e  "3" momentum of t h e  decay- 

ing pion. Employing the  normalization r equ i r ed  by Eq. (45) ,  w e  

f i n d  immediately f o r  t h i s  s t e p  pulse type d i s t r i b u t i o n  t h a t  i f  

f dE = 1  
W Y  

then 

~ ~ -~ 

Afte r  t h e  determination of the gamma r a y  production spectrum 

t h e  next s t e p  i n  t h e  determinat ion of from the decay of t h e  

t h e  complete gamma r a y  production spectrum i s  t o  determine 

the f r a c t i o n  of gamma rays  i n  a given energy range produced in  a 

s i n g l e  cosmic r a y  c o l l i s i o n .  f i s  s p e c i f i e d  i n  Eq. (42) .  

T O ,  

f 
PW' 

PW 

This i s  a d i s t r i b u t i o n  which i s  independent of t h e  gamma r a y s '  

momentum o r  energy f o r  a given pion. 

b. The Gamma Ray Production Spectrum from a Single  p-p 
Co l l i s ion  of Energy Eo 
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The upper l i m i t s  i n  t h e  pion i n t e g r a t i o n  i n  Eq. (42) are 

determined by t h e  model of pion production, because any pion 

of energy g r e a t e r  than a given minimum energy can decay i n t o  a 

given gamma ray  energy range. Consequently, t h e  pion upper energy 

I l i m i t  w i l l  only be r e s t r i c t e d  by t h e  pion production spectrum 

[Eq. (39) 1 
The pion lower  energy l i m i t  i s  t h e  smallest energy t h a t  a 

pion can have and s t i l l  decay i n t o  t h e  gamma r a y  wi th  energy E . 
Y 

This minimal energy pion can be found by recognizing t h a t  such a 

pion must have a decay spectrum i n  which t h e  gamma ray,  with 

I energy E w i l l  be t h e  most e n e r g e t i c  g a m  r a y  t h a t  can be 

emit ted.  Therefore, t o  determine t h e  energy of t h i s  pion l e t  us  
Y’ 

I r e t u r n  t o  t h e  T O  decay spectrum c a l c u l a t i o n  and recal l  Eq. (47) 

which spec i f i ed  t h e  most e n e r g e t i c  gamma r a y  produced f o r  a given 

pion and i n v e r t  t h i s  formula t o  determine t h e  minimal energy pion. 

Cons i d e r  then 

E 
EmaX - - 2  + B,I Y 

I which w e  now simply spec i fy  as 

where 
I 

~ 50 

0 EO 
7J E = p + 8,3 Y 

0 E = t h e  minimal pion energy. 
TT 

(47) 

( 4 7 4  



Equation (47a) may be w r i t t e n  a s  

0 0 
E Y = +[E* + p r ]  

which may be r e w r i t t e n  as 

2 o2 
[2Ey - E o ]  7-r = E 7 l  - (pC2) 

which leads  d i r e c t l y  i n t o  

2 
0 (w2> 

Y 4E E = E  + 
7r Y (49) 

Combining t h e  pion labora tory  d i s t r i b u t i o n  func t ion  [ see  

Eq. (41) ] with t h e  gamma r a y  d i s t r i b u t i o n  func t ion  [ see  Eq, (48) 3 

we  f i n d  t h e  gamma r a y  production funct ion a t  a f ixed  cosmic r a y  

energy t o  be 

E rx dE 

E 
-$ -.[- 

7-r 

1 
2L 
- 2 an 

E 
2 2pc r 

0 min 

In  Eq. (51) w e  have replaced pTC by En. This i s  c o n s i s t e n t  

w i t h  t h e  Landau-Milekhin approximation t h a t  
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Equation (51) i s  so luble  i f  w e  introduce i n  the  i n t e g r a t i o n  with 

f i x e d  E t he  i d e n t i t y  
P 

E - -  7T - d(4ii E ) = d(1n 
dE 

E 7T 
7T 

def in ing  

so t h a t  w e  a r r i v e  a t  

rb 2 

2L 
X 

I f  we  now de f ine  

w e  f i n d  

which i s  

- - A J?L eLl2 z[O(b ' )  2 - O ( a ' ) ]  (53) 
2w2r 
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where 

Reintroducing A from Eq.  (41) and def in ing  

one may w r i t e  f as :  
PW 

C -  The Gamma Ray Production Spectrum 
I 

Having c a l c u l a t e d  t h e  f r a c t i o n  of gamma rays  produced a t  a 

f i x e d  proton energy, we  t u r n  t o  the c a l c u l a t i o n  of t h e  number 

of gamma r a y s  produced a t  a given gamma r a y  energy, a t  a po in t  

i n  space, due t o  s c a t t e r i n g  of t h e  a c t u a l  spectrum of cosmic r a y  

protons.  The gamma ray  production spectrum can be evaluated i n  

t h e  form of Eq. (45) 
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The i n e l a s t i c  proton-proton cross  sec t ion  f o r  energ ies  g r e a t e r  

than 1.5 Bev (10 ev) remains constant  a t  27 mb (mb = cm2) 

(Refs. 26 through 2 9 ) .  

The primary cosmic r a y  energy spectrum has been discussed by many 

au thors  (Refs. 31  through 3 4 ) .  The o the r  terms i n  Eq. ( 4 5 )  a r e  

given by Eqs. (l), ( 4 1 ) ,  ( 4 8 ) ,  and ( 5 4 )  

9 

The gamma r a y  m u l t i p l i c i t y  i s  of course 2.  

In order t o  accomplish the  ind ica t ed  ca l cu la t ions ,  l e t  us 

introduce the  t ransformations 

/$ = u 

and then write f o r  Eq. ( 5 3 ) :  

I 
b = l + u .  

I 
Unfortunately, t he  lower  l i m i t  a cannot be e a s i l y  t r a n s -  

formed. Recall: 

l 
a 1 

6 

2 4  
E +-  IJ-c 
Y 4E cv 

2 2prc 
+ 

I f  we  denote t h e  quan t i ty  

p2c4 
E +-  

Y 4 E  Y 

e c lea r ly ,  e i s  approximately equal  t o  E f o r  t h e  
Y Y 

by ?’ 

I range of gamma rays  under cons idera t ion .  We can put  a i n t o  

t h e  form 

54 
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Now modify t h e  empir ical  d e f i n i t i o n  of t h e  Landau parameter 

~ s l i g h t l y  t o  

L = 0.50 an y + 1.6 
P 

so t h a t  

2 4u - 3 . 2  = e  2 (L-1.6) = e  
?P 

and approximate I' by 

(This approximation i s  good s ince  t h e  exac t  expression 

I? = /v {/(l + L)} w i l l  be nea r ly  t h a t  of Eq. (58) 
yP 

I 

for y > 50, t h e  r eg ion  of i n t e r e s t . )  We now transform a 

through E q s .  ( 5 5 ) ,  ( t i1) ,  (57), and (58) so t h a t  
P ,  

1 2 
e 

- 2 ~  +1.6 + u 1 Y 

e 
- -  - + 1.61 - 

(57) 
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Returning t o  E q .  ( 5 4 ) ,  w e  w r i t e  i t  i n  

E 
- J i n  + 1.6} 

2 -2u +1.6 u e e 1 
f (E , E  ) = 

pq 2J1pc2v  

} . 

"u I' r ep resen ta t ion ,  

I n  t he  ca l cu la t ion  of  E q .  ( 4 5 ) ,  w e  s h a l l  assume t h a t  t he  

cosmic ray f lux i s  func t iona l ly  t h e  same a t  a l l  energ ies  i n  the  

< a. For example, Morrison (Ref. 35) g ives  t h e  range 50 < - 
M C2 
P 

EP 

cosmic ray f lux as a power law: 

-2.5 
j = KPyp 
P 

-2 -1 -1 -1 
K = 0 . 3  protons c m  sr Bev sec 

P 

Because there  i s  some unce r t a in ty  about t he  value of t h e  ex- 

ponent i n  t h e  power law, we  de f ine  f o r  use i n  t h e  a n a l y t i c  p a r t  

of t h e  ca l cu la t ion  

jd KPy 'rl 

To c a l c u l a t e  t h e  number of g a m a  rays  produced a t  a po in t  

i n  space 
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t h e  lower bound on t h e  

t h e  energy of t h e  most 

E- 
I P  

d~ . a t j m m f  ( E , E ) ,  
P P P P Y 7 J P T  Y P 

Emin 
P 

p ro ton ' s  energy i s  determined by equat ing 

ene rge t i c  pion produced from t h i s  lower 

bound cosmic r a y  proton t o  t he  least e n e r g e t i c  pion which i s  

a b l e  t o  produce a gamma r a y  of energy E . Doing t h i s  w e  w r i t e  Y 

EL = 2p.c r e Jz= (3 9) 
2 m i n  

Illax 

as t h e  most ene rge t i c  pion produced i n  t h e  c o l l i s i o n  involving 

t h e  lowest energy proton , and recal l  t h a t  Emin 
P 

rl 

r e  (c1c2> 
Y Y 4E = E  + Y 

EO 
77. 

i s  t h e  minimum energy a pion must have i n  order  t o  produce t h e  

gamma ray ;  t he re fo re ,  w e  have 

Thus a lower bound i n  t h e  u representa t ion ,  uLB, 

found by s e t t i n g  
n 2u L t2uLB-1.6 

2 LB e = 0 p . c  e Y 

can be 

57 



o r  

Hence, t he  lower  bound u w i l l  be given by t h e  s o l u t i o n  of LB 

u =  LB 2 

We must accept only the  p o s i t i v e  roo t  s i n c e  w e  have def ined 

as a pos i t i ve  number. Consequently, 

- - 
ULB 2 . 

The proton energy corresponding t o  t h i s  l i m i t  w i l l  be given 

Emin 2 4uiB- 3.6 
= M C  e 

P P 

W e  must s t i l l  be c a r e f u l  w i th  t h e  proton energy range when 

w e  f i x  the gamma r a y ' s  energy t o  prevent con t r ibu t ions  from 

protons of energy below 50 Bev. 

experimental reg ion  of v a l i d i t y  of the Landau model. Hence, i n  
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order no t  t o  allow con t r ibu t ions  from cosmic r a y  protons below 

Elow 50 Bev w e  must e s t a b l i s h  a low gamma ray  bound, 9 so Y 
t h a t  a l l  protons considered have energies g r e a t e r  than 

This low gamma ray  energy can be found by regarding t h e  gamma 

r a y  as t h e  most ene rge t i c  gamma r a y  released,  from t h e  most 

ene rge t i c  pion produced, i n  t h e  c o l l i s i o n  of a 50 Bev proton 

with t h e  i n t e r g a l a c t i c  hydrogen. 

leased  by a 50 Bev proton w i l l  be 

50 Bev. 

The m o s t  ene rge t i c  pion re- 

The most ene rge t i c  gamma r a y  t h i s  pion w i l l  r e l e a s e  i s  given 

EL max 
E =-(I +prx) Y 2 

Consequently, 

Elow = n p c  2 q e J  Rn 5W3.2 
Y 

= 19.2 Bev . 
For astronomical reasons,  upper bounds on t h e  cosmic r a y  

energy are very high;  however, t he re  i s  an upper bound on t h e  

proton energy due t o  our imposit ion of l i m i t s  on t h e  pion pro- 
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duct ion model [see E q .  (39) 1. Therefore, when i n t e g r a t i n g  over 

proton energies  w e  w i l l  a r r i v e  a t  an energy which cannot produce 

a pion with a s  small an energy a s  [see E q .  (49) ]  f o r  a pa r -  

t i c u l a r  gamma ray  energy E . This p r e s e n t s  a problem i n  p r in -  

c i p l e  but no t  i n  p r a c t i c e .  

Eo 
.TT 

Y 

The upper bound on the  cosmic r a y  energy due t o  t h e  pion 

L 
to Emin production model, can be found by r e l a t i n g  

[see E q .  (39) ]  and inve r t ing  t h a t  r e l a t i o n s h i p  t o  so lve  f o r  
Emax 

P 
( t he  upper cosmic r a y  energy) a s  a func t ion  of . This being 

accomplished, w e  a r r i v e  a t  an expression s i m i l a r  t o  E q .  (64).  

Y 

Y 

/ Y 2 J - 2 : @  

where 

2 y -3.2 E Y X  
- -  - - e ?  
M CL 

P 

Since Emaxis a monotonic func t ion  of e w e  f i n d  t h a t  t h e  least 
P Y 

I M X  

P’ 
value of E 

8 Using e = 20 Rev w e  f i n d  -least E = 10 Bev. In  genera l ,  
Y P 

Inin 

P 
-least and E w i l l  pro- . From E q s .  (41) and (48) E - least  

P 
E > E p  P 
duce t h e  same p r o b a b i l i t y  of f ind ing  a gamma r a y  [Eq. (39) 1, bu t  
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that of 

consequently, E will contribute a negligible fraction 

- 20 the flux of cosmic rays from -least E is roughly 10 
P 

-least Si? P 
to %. Similarly, if we introduce contributions from cosmic 

ray protons with energies 
a negligible fraction to QV. Consequently, we may approximate 

E-by a and greatly simplify our calculation. 

-least, they too will contribute 
> EP 

P 
We now complete the transformation of E q .  (45) into the u 

representation by writing from Eq, (57) 

2 - -  4u -3.2 
du - 8u e dyP 

and 

Using the above transformations and employing the explicit 

definitions of all the factors Eq. (45) becomes 

LR U 

2 
- I  exp u2-.8) 1 expJ-2u2+1.6)eU 1 (6 7) 1 2 0  VC2V 

X 
3 x 2r 
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Equation (67) is evaluated in Appendix A, where we find 

where 
0 5.6 K = noK K N e 

P T T  

@ = 1.5 (q - 1) 

Figure 9 indicates that q (E ) may be represented to an 
Y Y  

excellent approximation by a power l a w  

A 
qY = - E< Y 

where, if we use ‘1 = 2.6, for the major part of the spectrum, 

A = 4.09 

C. = 3.25 . 
Figure 9 compares this result with the Ginzburg-Syrovatskii result 

(Ref. l), based on a simple nuclear collision model: 
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Y Rays 
not sr Bev sec 

PP 

10 -33 

lo2 lo4 lo6 lo8 l o l o  Bev 

Y Ray Energy 

Fig. 9 Gamma Ray Production Spectrum. (a) Ginzburg-Syrovatskii 
mo&l; (b) Hydrodynamic model 
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-2.8 GS = no x 0.025 E a, Y 

The two theo r i e s  g ive  p red ic t ions  which a t  E = 1150 Bev Y 

qy (1150) = qS (1150) . 
have 

It i s  important t o  note  t h a t  a t  high energ ies ,  of t h e  order  

of l oL7  ev, the Ginzburg and Syrovatsk i i  r e s u l t s  are l o 3  
t i m e s  l a rger  than our p red ic t ions .  A t  l o w  energ ies  our ca l cu la -  

t i o n  gives r e s u l t s  which a r e  about 10 t i m e s  l a r g e r  than t h e i r s ,  
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. 
6. ATTENUATION OF GAMMA RAYS BY COI,L,ZSIONS 

WLTH MATTER AND RADIATION 

Gamma r ays  are a t tenuated  i n  t h e i r  passage through space 

i n  two ways: 1) by c o l l i s i o n s  w i t h  l o c a l  p a r t i c l e s  and 

electromagnetic waves i n  i n t e r s t e l l a r  and i n t e r g a l a c t i c  space 

( t h i s  i s  discussed i n  d e t a i l  i n  t h i s  s e c t i o n ) ;  2) 

e f f e c t s  over l a r g e  d i s t ances  of t h e  cosmic red  s h i f t  (discussed 

i n  Sec t ion  7 ) .  

by t h e  

Gama r a y s  a r e  s c a t t e r e d  through electromagnetic i n t e r -  

ac t ions .  The  n a t u r e  of t h e  electromagnetic i n t e r a c t i o n s  

incur red  by t h e  gamma rays  can be put i n t o  t h r e e  major classes. 

F i r s t ,  t h e r e  i s  Compton s c a t t e r i n g  of t h e  garnma rays  by charged 

p a r t i c l e s  . (The charged p a r t i c l e s  i n  space are predominantly 

e l ec t rons ,  protons and heavy nucle i . )  Secondly, gamma r ays  a r e  

s c a t t e r e d  by o the r  photons i n  space; t h e  r e s u l t  of t h e s e  i n t e r -  

a c t i o n s  may e i t h e r  be t h e  production of p a r t i c l e - a n t i p a r t i c l e  

p a i r s  o r  t h e  "elastic" s c a t t e r i n g  of t h e  photons. Las t ly ,  t h e  

gamma rays  w i l l  be Sca t te red  by ex te rna l  electromagnetic f i e l d s .  

These t h r e e  processes  are shown schemati.cally i n  Fig.  10 through 

t h e  a r t i f i c e  of Feynmin diagrams. 

t h e s e  classes and show t h a t  only the s c a t t e r i n g  of gamma rays  

with photons can be of importance i n  a t t e n u a t i o n  i n  space. 

In t h e  following, we  examine 
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. 
C ornpt on Scat t e r ing  : 

Photon - Photon S c a t t e r i n g  

A x e  
S c a t t e r i n g  by an  Externa l  F i e l d  

P' 

P' 
- 

e A 
X 

X 

q1 

q2 

91 ' 

92 ' 

P a r t i c l e  Production 

e A 

"Ela s t i c  

e A 

Note: The p denotes p a r t i c l e s ,  7 denotes a n t i p a r t i c l e s ,  
q denotes photons and A, e x t e r n a l  e lectromagnet ic  
f i e l d s .  Primes denote appearance of o b j e c t  i n  
f i n a l  s t a t e ,  unprime i n d i c a t e s  i n i t i a l  s t a t e  o b j e c t .  

Fig. 10 Feynman Diagrams of Electromagnetic Scattering Process 
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a. Compton Sca t t e r ing  of Gamma Rays by Charged Particles 

The bas i c  physics  of t h i s  process h a s  been examined by 

many au thors  (Refs. 36 through 39) . Jauch and Rohrlich (Ref . 
38) g ive  t h e  t o t a l  cross sec t ion  f o r  t h i s  process as 

] cm2 1+3a an (1+20) - 
(1+20) + 2 0  

where 

2 r i = qi/4mi 

q i  

m i 

= charge of ith part ic le  

= m a s s  of ith p a r t i c l e  

t h  and u), t h e  energy of t h e  gamma ray,  i n  u n i t s  of t h e  i 
t h  

p a r t i c l e ' s  rest mass i s  measured i n  the  rest  frame of t h e  i 

p a r t i c l e .  When 0 >> 1 w e  can wr i t e  t h e  extreme r e l a t iv i s t i c  

form f o r  Eq. (73) 

2 2E 

m 2 + $ cm (ER) . - (an 0 (E ) = rr 2 mi 
i E  i Y m i  Y (74) 

Considering gamma rays  with energy g r e a t e r  than  20 Bev, Eq. (74) 
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w i l l  p r ed ic t  a t o t a l  c r o s s  s e c t i o n  which i s  a decreasing func t ion  

of energy f o r  E > 2.72 mi. Table 5 l i s t s  t h e  r e s u l t s  of 
Y 

employing Eq. (74)  f o r  i nc iden t  gamma rays  of 2 x '10 

var ious  par t ic les .  

1Q ev on 

TABLE 5 

COMF'TON SCATTERING CROSS SECTIONS FOR 20 BEV GAMMA RAYS 

P a r t i c l e  Reduced Energy: o T o t a l  Cross Section: a 

2 

-31 c m  2 

-32 2 

Electron (Posi t ron)  4 l o4  7.2 x 10 -29 c m  

Muon 200 2.0 x 10 

Proton 20 1.3 x 10 c m  

I f  w e  assume some dens i ty  n i 

w e  can est imate  t h e  absorp t ion  c o e f f i c i e n t  

rays ,  and hence t h e  f r a c t i o n  of t h e  gamma rays  t ransmi t ted .  

Table 6 p re sen t s  t h e  absorp t ion  c o e f f i c i e n t  

energy 2 x 10" ev and t h e  o p t i c a l  depth T over a d i s t ance  

R = 10 

Compton s c a t t e r i n g  of gamma r a y s  with energy of 

can be c l e a r l y  seen. Equation (74)  shows t h a t  gamma rays  with 

10 energy greater than 2 x 10 ev w i l l  be even less a t t enua ted  

by Compton s c a t t e r i n g .  

i n  space f o r  t h e  charged p a r t i c l e s ,  

n . a  1 f o r  t h e  gamma 

k f o r  gamma rays  of 

28 c m  = Hubble r a d i u s ,  The unimportance of a t t e n u a t i o n  by 

2 x 10" ev 
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TABLE 6 

COMPTON SCATTERING LOSSES 

k 7: 
Reduced Energy n 

Lu 
-34 cm-l 10-5 

-37 -1 10-9 

4 x 104 7 x 10 -3 

-3 

e l e c t r o n s  c m  

I protons c m  20 1 x 10 c m  

I b. Sca t t e r ing  of Gamma Rays by I n t e r g a l a c t i c  Photons 

Cosmic gamma rays  may s c a t t e r  with i n t e r g a l a c t i c  photons 

i n  e i t h e r  of two ways (as i s  indica ted  i n  t h e  Feynman diagrams 

of Fig.  10). The e l a s t i c  s c a t t e r i n g  process  has  no threshold ,  

I but  t h e  elementary p a r t i c l e  producticn process has  a threshold  

I energy given through energy conservation. The threshold  
I 

requirement i s  

2 
Y Ph i E E = m  

l i s  

I 
Ph 

where E i s  t h e  energy of t h e  inc ident  gamma ray, E 

t h e  energy of t h e  thermal photon , and m i s  t h e  mass of t h e  
Y 

i 
I 
~ elementary p a r t i c l e  o r  a n t i p a r t i c l e .  The minimum threshold  f o r  

p a r t i c l e  product ion i s  t h e  e l e c t r o n  p a i r  production threshold  

which, f o r  E i n  ev, w i l l  r equi re :  

0.25 x 10 
E 

Y 
4-12 

I . 
Ph 

E =  
Y 

I 

For values above t h e  p a i r  production threshold ,  t h e  e l e c t r o n  

(75) 

69 



p a i r  production c r o s s  sec t ion  will dominate over t h e  "elastic" 

s c a t t e r i n g  c r o s s  sec t ion  because t h e  former i s  a second order  

process  (a  Q (137) ), 
process  (a Q (137) ). Detai led c a l c u l a t i o n s  of t h e s e  processes  

can be found i n  severa l  t e x t s  and ar t ic les  on Quantum E lec t ro -  

dynamics (Refs. 36 through 39). 

1 4  

1 8  

w h i l e  t h e  l a t t e r  i s  a four th  order  

Jauch and Rohrlich (Ref. 38) r e p o r t  t h a t  below t h e  t h r e s -  

hold value given by Eq. (76) one f inds ,  t o  a good approximation, 

t h a t  t h e  e l a s t i c  s c a t t e r i n g  t o t a l  c r o s s  s e c t i o n  i s  

2 2 E E  3 
0 = 10,125 973 [$J > [&I [ LL2!2 m: ] (77) 

For energies  above the  threshold ,  t h e  t o t a l  "elastic" c r o s s  

s e c t i o n  has not  y e t  been c a l c u l a t e d  due t o  t h e  nonelemental form 

of t h e  d i f f e r e n t i a l  c r o s s  sec t ion  (Ref. 40) .  One can make a 

crude estimate of t h e  t o t a l  " e l a s t i c "  c r o s s  s e c t i o n  by not ing  

t h a t  (Ref. 38)  

and 
2 n L 

- dcr '[$I > [&I E m E  2 &backward Y Ph 
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The dominant process above t h e  pair-product ion threshold,  

p a i r  production, i s  ca l cu la t ed  i n  a manner similar t o  Compton 

s c a t t e r i n g  ( t h e  p a i r  product;on process i s  one of t h e  "crossed 

channels'' of Compton s c a t t e r i n g ) .  

through 39) t h a t  t h e  t o t a l  c r o s s  sec t ion  f o r  p a i r  production i s  

It can be found (Refs. 36 

given by 

1 
2 

c = -  

1 -4 

where p = * E = / -  . 
E e '  Y Ph 

I n  t h e  n o n r e l a t i v i s t i c  l i m i t  

E q .  (79) may be w r i t t e n  as 

of the  e l e c t r o n  energy f3 << 1, 

whereas i n  t h e  extreme re la t iv i s t ic  l i m i t  of t h e  e l e c t r o n  energy, 

B-, 1, E q .  (79) i s  w r i t t e n  as 

The types of photons which scatter gamma rays  can be divided 

i n t o  fou r  classes: 1) r a d i o  photons, 2) i n f r a r e d  and u l t r a -  

7 1  



v i o l e t  photons, 3) thermal photons, and 4 )  cosmic r ay  

photons. 

t he  electromagnetic energy i n  space comes from t h e  thermal  

photons (Ref. 41). The r ad io  photons come from the  synchrotron 

r ad ia t ion  of cosmic ray  e l ec t rons  i n  magnetic f i e l d s  (Ref. 32);  

t h e  inf ra red  and u l t r a v i o l e t  

and t h e  higher energy cosmic ray  photons are t h e  subjec t  of 

t h i s  r epor t .  

It i s  probable t h a t  t he  l a r g e s t  con t r ibu t ion  t o  

photons come from various sources;  

The l o c a l  energy dens i ty  of thermal photons appears t o  be 

-3 about 0.1 t o  0.3 ev c m  i n  i n t e r s t e l l a r  space (Refs. 2, 42, 

and 43) and somewhere i n  the  range 10 t o  low1 ev c m  i n  

i n t e r g a l a c t i c  space (Refs, 43 and 44). 

but ion with a temperature kT set a t  0.5 ev i s  taken f o r  

t he  thermal photons (Ref. 43), one f inds  t h a t  t he  average photon 

energy w i l l  be E u 1.5 ev (7 = 1.86 IL) . The number of 

photons ~ m ' ~  w i t h  energy E can be given by t h e  s o l a r  type 

d i s t r i b u t i o n  n(E)dE. When t h e  space energy dens i ty  of thermal  

photons i s  taken a s  E ev c m  one f inds  

-3 -3 

I f  a s o l a r - l i k e  d i s t r i -  

PI1 Ph 

Ph 

-3 
0 

dE . E 0 E2 
*E/kT n(E) dE = 

3 . 2 9 ( k ~ ) ~  e -1 

Consequently ( see  Eq. ( 7 6 ) ) ,  one would expect predominantly 

elastic sca t t e r ing  of gamma rays by t h e  t h e r m a l  photons f o r  
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gamma ray  energ ies  below 1.66 x 10 11 ev. Above t h i s  energy 

t h e  gamma rays  which  i n t e r a c t  w i t h  photons w i l l  be most probably 

ann ih i l a t ed ,  forming electron-posi t ron p a i r s .  

An absorpt ion c o e f f i c i e n t  may be dsfiried f o r  photon 

s c a t t e r e d  gamma rays  as 

k(Ey) = J n(E) o(E E )  dE , 
Y 

0 

assuming t h a t  only a s i n a l l  f r a c t i o n  of gnnuna rays  are s c a t t e r e d  

i n t o  each g a m a  ray  energy region from higher  gamma ray  energ ies .  

In  E q .  (82) a(EY, Eph) 

between an inc iden t  gamma of energy E 

of energy E 

i s  t h e  c ross  s e c t i o n  f o r  s c a t t e r i n g  

and a t h e r m a l  photon 
Y 

Ph 
The absorp t ion  c o e f f i c i e n t  due t o  photon-photon s c a t t e r i n g  

f o r  gamma rays  below 1.66 x 10'' ev may be found by introducing 

E q s .  (77) and (82) i n t o  Eq. (81), giving 

3 ' E  2 

where E < 1.66 x lo1-'. ev. This  c l e a r l y  is an increas ing  

func t ion  with energy; a t  i t s  upper l i m i t ,  i.e., 166 Bev, one 

f i n d s  f o r  a temperature of - ev t h a t  

Y 

1 
2 
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-31 cm -1 kea = 5.48 x 10 a YY 

For current  values  of E 

rays  by photons when only e l a s t i c  s c a t t e r i n g  i s  permit ted.  

w e  may ignore absorpt ion of gamma 
0' 

The c ross  sec t ion  f o r  p a i r  production, as Eq.  (80) shows, 

i s  peaked i n  t h e  neighborhood of t h e  threshold energy. 

has  lead seve ra l  authors  (Refs. 43 and 4 5 )  t o  evaluate  the  

absorpt ion c o e f f i c i e n t  f o r  gamma rays  w i t h  energy E aga ins t  

This 

Y 
1 3  

photons i n  the  energy region E = 10'" ev  . 
Ph E 

Y 
Nikishov (Ref. 4 3 )  examines t h e  absorpt ion of gamma rays  

11 i n  t h e  region 1 x 10l1 ev t o  500 x 10 ev, and thus has  t o  

consider  t h e i r  s c a t t e r i n g  by thermal photons. 

Morrison (Ref. 4 5 )  examine t h e  absorp t ion  of gamma rays  i n  the  

t o  100 x 10 evand hence u t i l i z e  da t a  on reg ion  of  1 x 10 

the  radiophotons i n  t h e  metagalaxy. For R = 10 cm, both these  

s t u d i e s  p r e d i c t  appreciable  absorpt ion,  as shown i n  Tables 7 and 

8. 

g a l a c t i c  photon energy dens i ty ,  namely 0.1 ev c m  ; i f  t h e  low 

est imate ,  l oo3  ev crn , 
For gamma r a y  energies  i n  t h e  range 10l6  t o  10 

t i o n s  i n  t he  cent imeter  r a d i o  band (Ref. 4 5 )  i n d i c a t e  a window. 

The i n t e r e s t i n g  region between 1013 and 10l6  ev cannot be 

examined a t  present  because t h e r e  i s  a l ack  of d a t a  i n  t h e  

7 4  

Goldreich and 

18 18 

28 

However, Nikishov has  used t h e  high es t imate  of t h e  i n t e r -  

-3  

-3 i s  used, t h e  absorp t ion  i s  very  small. 
18 ev, observa- 



i n f r a r e d  reg ion  of t h e  photon spectrum (Ref. 46). 

TABLE 7 

ABSORPTION COEFFICIENTS FOR PAIR PRODUCTION AFTER NIKISHOV (REF. 43) 

0 .1  

.05 

0.5 

5 

1 

7 

5 10 50 

4 2 07 

TABLE 8 

ABSORPTION COEFFICIENTS FOR PAIR PRODUCTION 

AFTER GOLDREICH AND MORRISON (REF. 45) 

loW2' Ey(ev) 0.01 0.1 0 .3  0.5 

2.5 3.6 4.1 

1.0 

4.7 

c. Sca t t e r ing  of Cosmic Gamma Rays by F i e l d s  i n  Space 

The physics  of t h e  s c a t t e r i n g  of photons by a static 

p o t e n t i a l  has  been s tudied  with respec t  t o  p a i r  production and 

D e l b r k k  s c a t t e r i n g  (elastic sca t t e r ing )  ; unfor tuna te ly  a l l  

t hese  c a l c u l a t i o n s  have been done f o r  t h e  electric f i e l d  of a 

nucleus (Refs. 38 and 39) .  The p a i r  production process  h a s  a 

threshold  energy def ined by energy conservat ion t o  be (Ref. 38) 
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E = 2 m e  . Y 

I n  i n t e r g a l a c t i c  space t h e  dominant electromagnetic f i e l d  i s  

thought t o  be the  s t a t i c  magnetic f i e l d .  

described by a vector  po ten t iakwhich  inva l ida t e s  any d e t a i l e d  

comparison between the  e l e c t r i c  f i e l d  s c a t t e r i n g  and t h e  mag- 

n e t i c  f i e l d  sca t t e r ing .  

A magnetic f i e l d  i s  

It i s  poss ib le  t o  set  up a quantum electrodynamic ca lcu la-  

t i o n  wi th  a vector  p o t e n t i a l  which g ives  f i n i t e  s c a t t e r i n g  

c ros s  sect ions.  Though a complete ca l cu la t ion  of t h i s  na ture  

would be i n t e r e s t i n g ,  f o r  our purposes i t  i s  not  needed. 

order  of magnitude c a l c u l a t i o n  i s  s u f f i c i e n t  t o  i n d i c a t e  t h a t  

these  external f i e l d  type i n t e r a c t i o n s  can be neglected.  

An 

Sca t te r ing  i n  an  ex te rna l  f i e l d  w i l l  be most i n t e r e s t i n g  

i n  t h e  energy region below p a i r  product ion i n  photon-photon 

sca t t e r ing .  

ex te rna l  f i e l d  - photon s c a t t e r i n g  c ros s  sec t ion ,  (J 

t h e  e l a s t i c  photon-photon s c a t t e r i n g  c ros s  sec t ion ,  

( t he  competing process i n  t h i s  energy region) ,  we f ind  t h a t  

When w e  compare t h e  magnitude of t h e  lowest order  

w i t h  

elastic 
YY 

YB’ 
(J 

2 2 2  

e l a s t i c  2 2 2 10’5 . OyB 

YY L4””el 14”1 

[a]’ 
hr 

[tl [%I 
+ 

(J [el le1 

The magnetic f i e l d  i s  probably of t h e  order  of 
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i n t e r g a l a c t i c  space and low6 to gauss i n  i n t e r s t e l l a r  

space (Ref. 47). A t  most, t h e  r a t i o  (Eq.  86) would b e  

which means t h a t  s c a t t e r i n g  of gamma rays  by magnetic f i e l d s  

i n  space i s  completely neg l ig ib l e .  

I SunnnRrizing t h i s  sec t ion ,  w e  see t h a t  of a l l  known scatter- 

~ 

ing  processes  f o r  absorbing gamma rays only photon-photon 

s c a t t e r i n g  i n t o  e lec t ron-pos i t ron  p a i r s  r ep resen t s  an apprec iab le  

I 
abso rp t ive  process.  T h i s  process can only occur f o r  gamma rays  

~ 

w i t h  energy t h a t  s a t i s f i e s  Eq.  (76). 
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3 .  H I G H  ENERGY GAMMA RAY I N T E N S I T Y  I N  SPACE 

To complete our c a l c u l a t i o n s  of t h e  high energy cosmic 

gamma ray i n t e n s i t y ,  w e  now combine t h e  production rate of 

g a m  rays with the  e f f e c t s  of t h e  cosmic red s h i f t  (discussed 

i n  Section a )  and of a t t e n u a t i o n  by photon c o l l i s i o n s  (see 

Sec t ion  6 ) .  

A t  present ,  i t  appears l i k e l y  t h a t  high energy cosmic 

r ays  a r e  homogeneous and i s o t r o p i c  i n  i n t e r s t e l l a r  space (Ref. 

3 2 ) .  

ga lax ie s  a r e  ignored, i t  i s  a l s o  l i k e l y  t h a t  high energy cosmic 

r ays  a r e  homogeneous and i s o t r o p i c  i n  i n t e r g a l a c t i c  space, 

although t h e r e  i s  considerable  disagreement about t h e  spectrum 

and i n t e n s i t y  of i n t e r g a l a c t i c  cosmic rays.  It i s  u s a l l y  con- 

s ide red  extremely probable t h a t  u l t r a h i g h  energy cosmic r ays  

have t h e  same i n t e n s i t y  and spectrum i n s i d e  and ou t s ide  

ga lax ies .  Also, adopting t h e  u sua l  assumption t h a t  t h e  bulk 

of t h e  d i f f u s e  m a t t e r  i.n t h e  observable universe  i s  i n t e r g a l a c t i c  

( r a t h e r  than i n  ga l ax ie s ) ,  

u l t r ah igh  energy and poss ib ly  high energy, proton-proton 

c o l l i s i o n s  w i l l  occur i n  i n t e r g a l a c t i c  space. 

gas dens i ty  adopted he re  w i l l  be (Ref. 48) 

I f  t h e  s m a l l  pe r tu rba t ions  represented by ind iv idua l  

i t  fol lows t h a t  t h e  major i ty  of 

The i n t e r g a l a c t i c  
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a. Combined Red S h i f t  and Attenuation E f f e c t s  on Gamma Ray 
I n t e n s i t y  

I n  order  t o  c a l c u l a t e  t he  c a b i n e d  e f f e c t  of t he  absorpt ion 

and cosmological red s h i f t ,  consider  Fig. 11. 

We assume the re  i s  a gamma ray "source" a t  a d i s t ance  

from an observer such t h a t  r H  < , where H i s  t h e  "Hubble 

constant"divided by the  speed of l i g h t .  

r 
1 

T h i s  condi t ion permits  

an approximate n o n r e l a t i v i s t i c  ca l cu la t ion  f o r  a simple expand- 

ing Eucl idian universe .  I n  the  present  t reatment ,  t h e  r ed  s h i f t  

energy and number e f f e c t s ,  but  no t  t h e  r e l a t i v i s t i c  s o l i d  angle  

e f f e c t s ,  w i l l  be included. The source emits "M" gamma rays  per  

which appear t o  an observer located 
Er* NEr)  

second with energy 

a t  A, as source emit t ing N(Eo) = - gamma rays  per  second 

with energy Eo. 

1+Hr 

The presence of s c a t t e r i n g  requires  t h a t  t h e  change i n  the  

% 
dx be proport ional  t o  the  number of g a m  number of gamma rays  

rays,  g present  

When we  consider  p, 

Eq. (87) i s  w r i t t e n  as 

- a g(x) . dx (87) 

ir production as the  s o l e  absorpt ion phenomenon, 

= - kee(E ) g 
dx YY Y 
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C 

X 

r - x  

t 
b V 

Cosmic Gamma Ray Energy; Sour c e ” -__ - ____ t 

I‘ 
t ph 

I. 

E = ______ E r - - Eo( ) 
X 

1 + H(r-x)  1 + H ( r - x )  

7. 
E 
I 

F i g .  11 Scattering and Relativistic Energy Connections 
of a Cosmic Gamma Ray 
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I f  w e  wish t o  c a l c u l a t e  t h e  absorption of cosmic gamma rays  

with energy as measured i n  our l o c a l  rest frame A, t o  be 

w e  must account f o r  the  sca t t e r ing ,  a t  l oca t ion  x, of 
EO, 

cosmic gamma rays  of energy Ex by "ambient" photons such t h a t  

1+Hr 
x Eo l+H(r-x) E =  (89) 

I f  i n  any frame B (see Fig.  11) w e  write t h e  d i s t r i b u t i o n  of t he  

"ambient" photons, as a funct ion of t h e i r  energy Ex, nX(EX), 

then the  absorpt ion c o e f f i c i e n t  as introduced i n  Eq. (88) w i l l  

be 

Allowing f o r  s c a t t e r i n g  only, using Eq.  (88), w e  may write the  

number of gamma rays  t ransmit ted N(Eo),  from r t o  t h e  observer 

a t  A, as 

Jr kee (Er, x) dx - 0 YY N(Eo) = WEr) e 

Because t h e  t o t a l  absorpt ion w i l l  be due t o  the  two nonin ter fe r ing  
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processes, p a i r  production and cosmological red  s h i f t  e f f e c t s ,  

w e  can write t h e  con t r ibu t ion  of gamma rays of energy 

from a source, a d i s t ance  r from t h e  observer,  as 
E 0 

Using a s imple Eucl id ian  model (Ref. 42) f o r  t h e  universe ,  

-2 -1 sr w e  can write the  cosmic gamma r a y  i n t e n s i t y  

Bev sec a t  p o s i t i o n  A from sources out t o  a d i s t ance  of 

1 / 2 H  as 

jy(Eo) c m  
-1 -1 

1 
e 

2H 

[‘ YY Er) jy(Eo) = 1 dr 1+Hr exp (- kee (Eo, X) dx) 

-3 -1 -1 -1 where q(E,) c m  sr Bev sec i s  t h e  gamma r a y  source 
Y 

funct ion given by Eq. (72 ) .  L e t  u s  w r i t e  f o r  q(Er) i t s  power 

law approximation: 

where A = 4 and [ = 3.20. To eva lua te  Eq. (92) we  u t i l i z e  

t h e  f a c t  t h a t  0, t h e  t o t a l  p a i r  production c r o s s  sec t ion ,  

h a s  a strong maximum i n  t h e  neighborhood of t h e  th reshold  energy 

(see Eq. (75 ) ) ;  hence, i t  i s  p o s s i b l e  t o  make t h e  approximation 

(Refs. 43  and 45)  
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With this approximation, we may write 

kee (Er, x) = n(E') o(Ex, E') 
YY (93) 

where 
2 m - e  E' = - 
E *  
X 

Furthermore, since CT depends upon the produce Ex E', 

a(cux, E') = constant 3 0 . (94) m 

We assume that in all frames 

see the same distribution of ambient photons within their frame. 

The energy density of ambient photons in each frame may be 

written as 

B, all the local observers will 

- - 
limit Because we have restricted our region of integration to 

1 - , we can see that the argument of the energy density 2H 

be in the range: 

r 

E' will 

2 
e m 2 

2 e  m 
7 E(ElIT 

0 0 
(96) 
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We can replace,  therefore ,  E' by some phenomenological r a d i a l l y  

independent t em 
2 
e m 

E' " q  E 
0 

(97) 

2 
3 w h e r e  - I; q 1 f o r  t h e  e n t i r e  region of i n t eg ra t ion ,  giving:  

Using Eqs.  (94) and (98) w e  f i n d  t h a t  kee 
YY 

i s  independent of 

r a d i u s  : 

kee z n YY 0 
q qom 0 

b. Calcu la t ion  of t h e  Gamma Ray I n t e n s i t y  

The i n t e g r a l  over x i n  E q .  (92) can be replaced approxi- 

mately by kee r, giving 
YY 

1 - 

(99) 

If w e  express t h e  production spectrum as  an  e x p l i c i t  func t ion  of 

t h e  rad ius  
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w e  f ind  t h a t  w e  may f a c t o r  out  t he  energy dependence from t h e  

i n t e g r a l  
1 
2H 
- 

-kee r 
YY e 

(1+Hr) C + l  

T h i s  i n t e g r a l  i s  evaluated i n  Appendix B under t h e  f u r t h e r  

approximation < = 3 f i n a l l y  giving t h e  cosmic gamma ray  t h e  

i n t e n s i t y  as 

A - 3 . 2  
j y ( E o >  = E Eo I .  

When w e  wrote 

w e  have 

6 = kee/H 
YY 

14 The r e s u l t s  of Nikishov (Ref. 4 3 )  for energ ies  below 10 
-28 -1 

ev suggest  a value of kee r\r 10 cm which i m p l i e s  a value 

of 6 - 1. I n  t h i s  case  we f ind  (see Appendix B) t h a t  I = 0,196 

f o r  t h e  energy region < 10 ev. Ginzburg and Syrova t sk i i ' s  

YY 

14 
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Y Rays 
2 cm sr Bev sec 

10 -20 

b I" 

1 l o2  lo4 lo6 io8 Bev 

y Ray Energy 
Fig. 12 Gamma Ray Flux in Space. (a) Hayakawa-Yamamoto 

calculation with n = .2 (Ref. 2); (b) Same 
with n = .001; (c) Gamma rays from proton- 
proton scattering. 

Ph 
Ph 
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-3 -3 

kee Q 10 

suggested value of 10 ev c m  (Ref. 44) f o r  t h e  thermal  

so t h a t  w e  f i nd  photon dens i ty  gives  

( see  Appendix B) I = 0.235 f o r  t h e  energy region < 10 14 ev. 

The r e s u l t s  of our ca l cu la t ion ,  using n cv 10 ev cm 

below 

1 O I 8  ev, are compared i n  Fig. 1 2  w i t h  those of Hayakawa and 

Yamamoto f o r  photo production (Ref. 2 ) .  

based on a thermal photon dens i ty  of 

as w e l l  as t h e  scaled down f luxed based upon a dens i ty  of 

ev c m  . 
by Hayakawa and Yamamoto depend on t h e  dens i ty  of hard and s o f t  

thermal photons, respec t ive ly .  While cosmological cons idera t ions  

en te r  i n t o  these  photon d e n s i t i e s ,  i t  i s  usua l ly  assumed t h a t  

these d e n s i t i e s  are not  p a r t i c u l a r l y  high. Thus, i t  appears 

t h a t  with l a r g e  u n c e r t a i n t i e s  due t o  t h e  pauci ty  of information 

about i n t e r g a l a c t i c  matter and rad ia t ion ,  t h e  proton-proton pro- 

duct ion process  dominates photoproduction below Q 10 ev, 

w h i l e  above l O I 5  ev t h e  cont r ibu t ions  of t h e  two processes  

appear t o  be of t h e  same order  of magnitude. 

(6  - 0) -30 
YY 

-3 -3 
Ph 

1014 ev, and neglect ing photon-photon s c a t t e r i n g  above 

T h e i r  o r i g i n a l  f luxes ,  

-3 0.2 ev cm , a r e  presented,  

-3 10 

-3  The low and high energy ends of t h e  spectrum ca lcu la t ed  

15 

Various workers have been a b l e  to  set  experimental  upper 

l i m i t  estimates on t h e  cosmic gamma ray f lux .  

(Ref. 49) and Fruin e t  a l .  (Ref. 50) us ing  Cerenkov l i g h t  

d e t e c t o r s  have obtained upper l i m i t s  t o  t he  i n t e g r a l  gamma ray 

Chudakov e t  a l .  
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i n t e n s i t y  i n  t h e  region of 10 l2  ev f o r  var ious poin t  sources.  

Unfortunately,  without a knowledge of t h e  s o l i d  angle  observed, 

w e  cannot compare our es t imates  with t h e i r  values  a t  present .  

Suga e t  a l .  (Ref. 51), using EAS techniques,  f i nd  an upper 

l i m i t  f o r  the  i n t e g r a l  f l u x  a t  2 x 10 ev t o  be 3 x 10 

c m  sr sec , compared w i t h  our value of 2 x 10 

-' a t  t h e  same energy. Hence, our t h e o r e t i c a l  es t imate  sr sec 

15 -14 

-2 -1 -1 -17 cm-2 

-1 

i s  w e l l  wi th in  t h e  observat ional  upper l i m i t .  
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APPENDIX A 

EVALUATION OF THE INTEGRAL FORM OF THE GAMMA 

RAY PRODUCTION SPECTRUM 

- 2 x 8 0 ~  ~ N O K  ea qY - 3  P T 7 - r  

The g a m a  r a y  production spectrum i s  given by Eq.  (67) 

2 -4Bu udu e 

t o  be 

I n  Eq. (A-1) w e  have replaced t h e  experimental value of 

power of t he  primary cosmic ray  spectrum by the  paramet 

I n  add i t ion  w e  have def ined 

and K = c o e f f i c i e n t  of pion m u l t i p l i c i t y  term. 
7-r 

L e t  us w r i t e  Eq. (A-1) as 

co n 

t h e  

I1 I 1  t l .  

J 
ULB 

89 



where 

p - q  - 1 
and 

~1 = 3.2 q - 2.4. 
In order to evaluate q , it is useful to break Eq. (4-2) into 

the sum of two integrals such that 
Y 

where 

\ = 4yo >< Dl = 121 

03 n 

-4Bu 2 cp(l+u) 
udu e - 

I1 - 
J 

ULB 

rW r )  

(A-3) 

(A-4) 

(A-5) 
J 

ULB 

We may then proceed with the evaluation of I1 and I2 in turn. 

The evaluation of I1 is a straightforward calculation involving 

integration by parts and the recognition that 

z -z2 _. dz 
du e d 

du - Q, (z) = - 
f i  

90 

(A-6) 



using a single integration by parts as I19 We may write 

-l e -4Bu O(l+u) I1 = 88 

and finally 

The evaluation of 

1 I W  + -  
4 M  

I 

'ULB 

co 
P 

2 2  -(4pu +u +2u+l) du e 
J 

U L B  

(A-7) 

is also through integration by parts, I 2  

except here one must recognize that 

2 2 f2 b 
-c x -- 

2 4 z  
4f x =  

X 

a J 

1 

k f 
q 4 

where z = c q + -  

Equation (A-8) is discussed in Appendix C. 

integral in Eq.  (A-8) follows a technique suggested by N. Greenspan 

The evaluation of the 
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. 
of G m n .  A single integration by parts on Eq. (A-5) gives 

2 

2 U 
1 ~ = 8 ~ e  -l -4Bu @(l+u) 

4 w  
ULB 

(A-9) 

Using Eq. (A-8) in Eq. (A-9) we get 

2 
1 J e  168 ‘I 

-4Bu 
@(l+u) + - 1 1 2 = ~ e  

‘d 48+1 

Substitution of Eqs. (A-7) and (A-10) into Eq. (A-3) gives 

1 
1 - O(J4&t-1 u + 1 

JTFE 

-(u2+u)4 f i  + e  

+(u2+u) 4 JBI - e  

I 1 - 0 [ U r n - l )  -11 

1 1  1 - CD [ U m l )  +11 

where u = tB in Eqs.(A-10) and (A-11). 
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APPENDIX B 

EVALUATION OF THE INTEGRAL FOR COSMIC GAMMA RAY PRODUCTION 

Consider the evaluation of t he  cosmic gamma ray flux 

-keer 
YY e 

l + C  j = ?  A T '  dr 
(1 + Hr) 

c"o 0 
Y 

Let 

- -  - 6  l + H r = z  kv"; 
H 

1 
H r =-(z-1) ; a = l + [ .  

Then we can write E q .  (B-1) as 

6- 6Z dz e 

We can evaluate E q .  (B-1) by considering 

- 62 
a 
Z 
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An expansion by parts leads to 

6 e b2 . (B-4) + - 62 - 62 + -1 e /5&= (a-1) Za-l (a-1) (a-2) za-2 (a-1) (a-2) 

Because = 3 and a = 4, we get 

- 62 - 62 2 -62 - 6z 
-1 e + 6  e - L e  - - 6 3 1  L d z .  

6 2  6 z  6 Z 
Z 3 

I = -  
Z 

3 

The "exponential integral" is usually defined as 

rm 
I e 

P 
J 

which we may write as 

or 

94 

ei(p) = - 
J 
-P 

-t & 
t ci(-p) = J P  e 

(B-5) 

03-71 



. 

e dz - 
z S + O  

- 6Z - 

Consequently, i f  w e  w r i t e  

1 3 
z - dz = 5 

1 J 

- 62 e - 
Z 

dz 

w e  can w r i t e  

s 1 
or 

-6Z e - 
z 

2 

a 12 
6 

J 

-t 

t e d t  , 

-36 - 6z 
e dz = ei(-) - @ i ( - 6 )  l z  2 

For  t h e  s i t u a t i o n  where 6 + 0, there  i s  a removable singu- 

l a r i t y  introduced by the  de f in i t i on ,  Eq. ( B - 8 ) .  W e  can remove 

t h i s  s i n g u l a r i t y  i n  Eq. (B-8) by def ining 

P 2 n 2 

i.e., 
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* 

We may now w r i t e  Eq. (B-4) as 

Consequently, t h e  cosmic gamma r a y  f l u x  i s  

The p red ic t ions  f o r  our simple model f o r  gamma r a y  pro- 

duct ion and a t t enua t ion  throughout t h e  universe  depend upon t h e  

values  of t h e  astronomical cons tan ts  involved. I f  w e  consider  

t he  l o c a l  photon dens i ty  f o r  thermal photons i n  space t o  be of 

t h e  order of 0.3 ev c m  (Ref. 4 3 ) ,  it i s  s e n s i b l e  t o  con- 

s i d e r  

-3 

14 Then w e  w i l l  p r ed ic t ,  f o r  gamma r a y s  wi th  energy < 10 ev, 

0.196 A 
j?(Ey) = H x3' 

LuO 

( B - 1 0  
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The alternate choice for the local photon density would be 
-3 n Q 10 ev We may now consider 6 m 0, whence we 

Ph 
find 

(B-11) 0.235 A 
j ( E  1 = H x3 

'uO Y Y  

14 
for gamma rays with energy < 10 ev. For energies above the 

region to 10 ev, we may take 6 * 0. 18 
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APPENDIX G 

EVALUATION OF INTEGRALS I N  GAMMA RAY PRODUCTION SPECTRUM 

An i n t e g r a l  whose so lu t ion  i s  important i n  the  determination 

of t h e  g a m a  r a y  spectrum i s  

2 - (cx) 2- (i) 
X 

The so lu t ion  of Eq. ( C - l ) ,  given below, has  been suggested by 

N.  Greenspan of Grumman. L e t  us f i r s t  def ine  

then 

dv = - x2 dv 1 d x =  - -  
2 

V 

Equation (C-1)  should then be w r i t t e n  as 

2 2 
r d v e  -(S) - ( fv)  

I = -. . 

We may now le t  

.. 
C 

V 
z = - + f V  

2 
(;I + ( fv)2  = z2 - 2cf 
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L 

and 

C dv . 1 
f dv = - dz + -  

f v  

Consequently, with these  s u b s t i t u t i o n s  w e  may w r i t e  Eq. (C-2) 

as 

1 I = -  
f 

4. 
2 '  

2 
-2 +2cf c - -  

l a d z e  f 

- 1 

J, 

where 

+ f .  + f 
b b '  a a z = c a + - .  z = c b + -  

We next  de f ine  

and 

g iv ing  l i m i t s  

C 

V 
f v  9 

z = - -  

(c-4) 

(c-5) 

f 
z = c a - ; ;  
- 
a 
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Consequently, we may evaluate Eq. (C-1) as 

1 - - 
2 Z a 

-z2-2cf + f 1 9 e -P) V -(fv)2 
d z e  

V 
f 

1 
b a 
- - Z 

Adding Eqs. (C-4) and (C-6) we find 

2cf e I = -  
2f 

but 

Consequently, 

-2cf e 2 -Z 
e dz - O K  

LL 

+ 
b Z 

S 0 2 'Z e dz 

2 
-Z 
e dz 3 

- 
b Z 

. 

(c-7) 
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